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Abstract: Zinc is integral to diverse biological functions, acting catalytically, structurally, and sup-
portively in essential enzyme cycles, despite its limited amounts in the body. Targeting zinc enzymes
with potent drugs, such as Vorinostat, demonstrates the therapeutic efficacy of zinc-binding ligands,
notably in cutaneous T-cell lymphoma treatments. Our study merges experimental and theoretical
approaches to analyze the coordination of 8-hydroxylquinoline (8HQ) inhibitors with biomimetic zinc
complexes and human histone deacetylase 8 (HDACS), a monozinc hydrolase enzyme. Assessing
10 8HQ derivatives for structural and electronic characteristics against these models, we observe
minimal inhibition efficacy, corroborated through protein-ligand docking analyses, highlighting the
complexities of inhibitor-zinc enzyme interactions and suggesting intricate noncovalent interactions
that are important for ligand binding to enzymes not accounted for in model zinc hydrolase mimics.

Keywords: zinc hydrolases; biomimetic; HDAC; zinc coordination; protein-ligand docking; DFT;
X-ray crystallography; HDAC inhibitors; 8-hydroxyquinoline

1. Introduction

Zinc is an essential metal ion that is found in various biological processes, which can
include serving as a cofactor in structural, regulatory, and biochemical transformations.
Zinc-dependent enzymes can be categorized into three types: structural, catalytic, or co-
catalytic. Among catalytic zinc enzymes, zinc hydrolases are particularly abundant and
play important roles in biochemical reactions [1,2]. In zinc hydrolases, zinc acts as a Lewis
acid, activating a substrate such as water/hydroxide or a serine or tyrosine residue, which
increases their nucleophilicities. In most cases, the zinc ion is bound to a combination of
3 histidine and/or glutamate /aspartate amino acid residues. What sets zinc apart from
other biologically important metals is that it exists in nature solely as Zn?*, which has
filled d orbitals and is redox-benign, meaning its main role in catalysis is as a Lewis acid.
For zinc to function in a catalytic capacity, there must be an open coordination site for a
substrate to bind. In zinc hydrolases, the metal adopts a tetrahedral or trigonal bipyramidal
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geometry, unlike small-molecule zinc complexes that have higher coordination and often
do not exhibit hydrolase activity [3,4].

Zinc enzymes have been successfully targeted with drugs that bind strongly to zinc.
For example, Vorinostat (also known as suberoylanilide hydroxamic acid, SAHA), a broad-
spectrum drug that targets the mono-zinc enzyme family of histone deacetylases (HDAC),
has been used in cutaneous T cell lymphoma (CTCL) treatments [5,6]. In another example,
treatment of glaucoma is performed using sulfonamides such as dorzolamide, which
targets the zinc center in carbonic anhydrase [7]. Another example of a zinc-dependent
enzyme targeted with drugs is the di-zinc alkaline phosphatase (ALP) enzyme. ALP
is a non-specific enzyme that is known to hydrolyze a variety of phosphate-containing
compounds such as glucose phosphate, phospholipids, and other phosphatides [8,9]. ALP
is also responsible for the production of the important signaling molecule, adenosine, via
the hydrolysis of adenosine monophosphate. The inhibition of alkaline phosphatase has
been shown to improve cardiovascular outcomes in patients with chronic kidney disease
and diabetes mellitus by preventing calcification. Cardiovascular events can be caused
by an imbalance between the promoters and inhibitors of mineralization, a process akin
to skeletal mineralization that is regulated by ALP [10,11]. The overexpression of tissue
nonspecific alkaline phosphatase (TNLAP) induces calcification, cardiac hypertrophy, and
subsequently death, mimicking the phenotype found in chronic kidney disease and diabetes
mellitus [12]. These examples in drug discovery highlight the value of targeting zinc-based
enzymes and developing better zinc-binding drugs.

The inhibition of zinc-containing enzymes via zinc-binding drugs is an important area
of study because these enzymes can influence biological systems via covalent modifications.
These covalent modifications dominate the regulation of processes within a cell. Phos-
phorylation, methylation, ubiquitination, adenosine diphosphate ribosylation, acetylation,
and deacetylation all play a variety of roles in healthy tissue as well as in disease progres-
sion [13,14]. The enzymes responsible for the acetylation and deacetylation of histones
important for the formation of chromatin and regulation of transcription are monozinc
enzymes, histone acetyltransferases (HATs), and HDACs. HDACs along with HATs operate
in a balanced manner that influences and regulates various cellular processes from the cell
cycle and DNA damage repair to apoptosis, all of which culminate in the maintenance of
homeostasis within a cell. While the enzyme class is called histone deacetylase, histones are
not the only, or even the primary target, of HDACs. HDAC has activity on a wide array of
nonhistone proteins, which is why it is able to have such an impact on maintaining cellular
homeostasis [5,14,15].

HDAC has been highly implicated in many different cancers as its expression is usually
upregulated in tumor cells. For example, tumor cells are able to evade cell cycle arrest
through the inactivation of the tumor suppressor gene p53 via the upregulation of HDAC
activity [16]. The ability to restore the balance of HDACs and HATs could be an essential
component of a chemotherapeutic approach to treating cancer [6,17]. One way to restore
this balance is through the inhibition of HDAC, such as through the widely studied HDAC
inhibitor (HDACi) Vorinostat, also known as SAHA. SAHA follows a common HDACi
motif that consists of a zinc-binding group that chelates the zinc in the active site, an organic
linker that packs into the active site tunnel, and a cap group that protrudes from the active
site. Several successful HDAC inhibitors follow this motif, as shown in Figure 1 [18,19].
The interplay between HDACs, HATSs, and tumor suppressors/proto-oncogenes allows
for the inhibition of HDAC to be a viable chemotherapeutic target. The structure of the
enzyme and its active site tunnel is depicted in Figure 2.
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Figure 1. FDA-approved treatments for the inhibition of HDAC, Vorinostat (a), Belinostat (b), and
Panobinostat (c) are shown with the cap group, linker, and zinc-binding group (ZBG) moieties known
to be important for the inhibition of HDAC.

Figure 2. HDACS8 complexed with SAHA (pdb accession: 1T69). (a) Entire HDACS8 enzyme with
the Zn?* ion depicted as the orange sphere. (b) Representation of the surface of HDAC8 showing
bound Vorinostat that is reaching the surface. (c) Active site of HDAC8 showing amino acids Asp178,
Asp267, and His180, coordinated with Zn?* and the residues forming the hydrophobic tunnel.

The specific functional group within SAHA that binds zinc is the hydroxamic acid
moiety. Once the O-H is deprotonated, the hydroxamates bind as bidentate anionic chela-
tors. The strength of the zinc-hydroxamate interaction prevents the zinc active sites in
enzymes like HDAC from binding their normal substrates, thus inhibiting the enzymes’
functions [20]. Isothermal titration calorimetry (ITC) has been used to study the binding
of hydroxamic acids to zinc compounds, and small-molecule models of enzyme active
sites have been crystallized with hydroxamate bound to them. Notably, the ITC studies
showed that 8-hydroxyquinoline (8HQ), another anionic bidentate chelator, bound zinc
more strongly than hydroxamic acids in the buffer. In addition, 8HQ could displace SAHA
bound to a small-molecule zinc center supported by a bulky trispyrazolylborate (Tp) frame-
work, further supporting it as a stronger chelator than hydroxamic acids [21]. The ZnTp
framework has been used to study a variety of zinc-binding bioisosteres with various
coordination geometries [22,23].

In drug discovery, a privileged structure is a useful strategy in the design of lead
drug candidates via the rational modification of a previously known bioactive structure
that may lead to more potent ligands with favorable properties for diverse targets. For
example, hydroxamic acids would be an example of such a structure. However, there
are many other privileged structures. Quinolines have been identified as an important
bioactive pharmacophore for a broad range of biological effects [24]. Among the quino-
lines, 8-hydroxyquinoline (8HQ) has emerged recently as a privileged drug scaffold due
to its strong metal binding properties, lending itself to a wide variety of pharmacological
applications: metal chelators for neuroprotection, anticancer, anti-HIV, antifungal, antibac-
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terial, and antischistosomal therapies [25-27]. This privileged nature of 8HQ provides an
exciting opportunity to explore zinc-binding interactions with 8HQ derivatives and how
these compounds inhibit Zn-dependent metalloenzyme catalytic activity for a range of
pharmacological applications. The 8HQ scaffold was chosen for this current study due to
an earlier account showing better zinc binding than hydroxamic acids [21]. The fact that
8HQs bind small-molecule zinc species that are stronger than hydroxamates in buffers and
organic solvents also supports the idea that 8HQs may be superior to hydroxamic acids for
targeting zinc hydrolases.

There needs to be more connectivity between the structure and activity of enzymes
and small-molecule zinc complexes that have been used to attempt to mimic the active sites
structurally. Further, a better understanding of structure-activity relationships for drug
molecule interactions with the enzymes is needed for effective drug development. This
study explores the intersection of drug discovery and small-molecule zinc coordination
chemistry, leading to design principles for better drugs targeting the function of zinc
hydrolase enzymes. This study focuses on the zinc hydrolase HDACS as the model enzyme
to explore these principles by combining the modeling of zinc enzyme active sites with small
molecules with computational and experimental studies of zinc enzymes relevant to disease
states in order to discover better zinc-binding drug molecules for various pharmacological
applications. A key focus is understanding how substituents in 8-hydroxyquinoline ligands
affect their binding to small-molecule zinc complexes and if these lessons translate to
the binding of the same molecules to HDACS, a zinc hydrolase enzyme. Our results are
reported below.

2. Materials and Methods
2.1. General Considerations

All reactions were carried out on the bench in the presence of air unless otherwise
noted. NMR spectra were collected by a Bruker Avance 300 MHz or a Neo 400 MHz
spectrometer. Unless otherwise noted, chemicals were used as received from commercial
suppliers. Acetonitrile was purified using an Innovative Technologies solvent purification
system under N,. The syntheses of KTp and ZnTpOH were carried out as previously
reported [21]. All other chemicals were used as received from commercial suppliers.
Absorbance values for the HDACS activity assay were measured using a Multiskan FC
microplate reader.

2.2. Synthesis of ZnTp(X-H)

Syntheses of the TpZn8HQ species were carried out similarly to the reported procedure
for TpZn(A-H) [21]. Generally, these reactions were carried out on a 30-150 mg scale of
TpZnOH with one equivalent of the appropriate hydroxyquinoline in a small amount (ca.
5-20 mL) of a polar solvent such as dichloromethane, methanol, acetone, and acetonitrile in
a 20 mL scintillation vial equipped with a Teflon-covered stir bar. Upon mixing, the solution
became yellow or yellow-orange in color, reflecting the formation of a deprotonated 8HQ
metal complex. The reactions were stirred on a stir plate at room temperature (ca. 18-21 °C)
under air for at least 15 min, and then the solvent was removed via rotary evaporation.
Product identity and relative purity were assessed via 'H NMR spectroscopy, and they
were consistent with the expected structure and similar to the reported values of TpZn(A-
H) [21]. The primary species in the 'H NMR spectra were the TpZn(X-H) species, with
solvents as the only other identifiable species. Yields were generally within the range of
40-90%. Because the focus of the work was structural comparison, further purification or
spectroscopic characterizations were not performed, and the materials were used to grow
single crystals of the species. Single crystals for X-ray crystallography were generally grown
via cooling concentrated acetonitrile solutions of the TpZn(X-H) species in the freezer.

NMR data in ppm (CDCl3): TpZn(B-H): 7.75 (d, 8HQ, 1H), 7.71 (s, 8HQ, 1H), 7.37-7 .4
(m, TpPh, 6H), 7.03 (d, 8HQ, 1H), 6.88-6.90 (m, TpPh, 9H), 6.55 (dd, 8HQ, 1H), 6.17 (s, Tp,
3H). 2.59 (s, TpMe, 9H).



Foundations 2024, 4

366

TpZn(C-H): 8.89 (d, 8HQ, 1H), 8.57 (d, 8HQ, 1H), 7.24-7.27 (m, TpPh, 6H), 7.08 (s,
8HQ, 1H), 6.84-6.86 (m, TpPh, 9H), 6.64 (s, 8HQ, 1H), 6.38 (d, 8HQ, 1H), 6.17 (s, Tp, 3H),
2.59 (s, TpMe, 9H).

TpZn(D-H): 7.77 (d, 8HQ, 1H), 7.42-7.43 (d, TpPh, 6H), 7.34 (d, 8HQ, 1H), 7.06 (d,
8HQ, 1H), 6.82-6.88 (m, TpPh, 9H), 6.57 (d, 8HQ, 1H), 6.46 (dd, 8HQ 1 H), 6.19 (s, Tp, 3H),
2.60 (s, TpMe, 9H).

TpZn(E-H): 7.56 (br m, TpPh, 6H), 7.31 (d, 8HQ, 1H), 6.84 (br m, TpPh, 9H), 6.76 (d,
8HQ, 1H), 6.57 (d, 8HQ, 1H), 6.21 (s, Tp, 3H), 6.18 (d, 8HQ, 1H), 2.60 (s, TpMe, 9H), 1.14 (s,
8HQMe, 3H).

TpZn(F-H): 7.67-7.69 (m, TpPh, 6H), 7.05 (s, 8HQ, 1H), 6.99 (s, 8HQ, 1H), 6.81 (m,
TpPh, 9H), 6.32 (m, 8HQ, 1H), 6.18 (s, Tp, 3H), 2.59 (s, TpMe, 9H), 2.30 (s, SHQMe, 3H),
2.09 (s, BHQMe, 3H).

TpZn(G-H): 7.70 (d, 8HQ, 1H), 7.51 (d, 8HQ, 1H), 7.41 (d, TpPh, 6H), 7.03 (m, 8HQ,
1H), 6.82-6.90 (m, TpPh, 9H), 6.54 (d, 8HQ, 1H), 6.46 (dd, 8HQ, 1H), 6.18 (s, Tp, 3H), 2.59 (s,
TpMe, 3H).

TpZn(H-H): 7.53 (d, 8HQ, 1H), 7.48 (d, TpPh, 6H), 7.41 (d, 8HQ, 1H), 7.02 (s, 8HQ,
1H), 6.88-6.90 (m, TpPh, 9H), 6.45 (d, 8HQ, 1H), 6.41 (m, 8HQ, 1H), 6.21 (s, Tp, 3H), 2.62 (s,
TpMe, 9H).

TpZn(I-H): 7.37 (d, TpPh, 6H), 7.35 (m, 8HQ, 1H), 6.79-6.88 (m, TpPh and 8HQ, 10H),
6.74 (d, 8HQ, 1H), 6.67 (d, 8HQ, 1H), 6.59 (d, 8HQ, 1H), 6.19 (s, Tp, 3H), 2.59 (s, TpMe, 9H).

2.3. Density Functional Theory Calculations

Density Functional Theory was carried out with Gaussian 16 and visualized with
GaussView [28]. The MN15-L functional was used with the def2-TZVP basis set [29].
Optimized geometries were analyzed for frequencies to ensure that structures were at
a ground state and not on other parts of the potential energy surface. Optimized .xyz
coordinates are included as supporting information. Calculations were performed in the
gas phase without any solvation model.

2.4. X-ray Structures

X-ray crystallography was carried out via RDS, DJW, and ARJ. X-ray diffraction
data compounds TpZn(G-H), TpZn(H-H), and TpZn(I-H) were collected on a Bruker D8
Diffractometer with an APEX-II CCD detector. Data collection was carried out using
sealed-tube Mo K« radiation. The structure was solved and refined using Bruker APEX3
V3 software and XSHELL V6.3.1. Further details of the crystal structures can be found in
their .cif files, which have been deposited at the Cambridge Crystallographic Data Centre’s
(CCDC) Cambridge Structural Database (CSD). The deposition numbers are shown in
Table 1 (vide infra).

2.5. Ligand Docking of Human HDACS8

Docking was performed using the webserver docking program DockThor Version
2.0 [30,31]. The 1T69 crystal structure from the protein databank was used [32]. Before
uploading to DockThor, the water, zinc cofactor, and bound SAHA were removed from
the crystal structure. Cofactor files were uploaded in the .mol2 format, and ligands were
uploaded in the .SDF format. A grid of 20 angstroms was centered around the original zinc
cofactor in the crystal structure. Coordinates for the zinc were also obtained in PyMOL
Version 3.0.3, and any images generated were also from PyMOL [33]. No docking prep
using chimera is necessary when using DockThor.

2.6. Recombinant Expression of Human HDACS

The HDACS gene (UniProt ID: Q9BY41) was cloned into the pET-28a plasmid between
the BamHI and HindlII restriction sites via Twist Bioscience. The plasmid was transformed
into both BL21(DE3) and BLR(DE3) chemically competent cells purchased from New
England Biolabs and Novagen, respectively. BLR(DE3) was chosen for continuation in
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further studies due to increased protein yields and activity compared to BL21(DE3) cells.
Starters for 500 mL cultures of HDAC8-containing BLR cells were grown in 10 mL of terrific
broth (TB) media containing kanamycin at a final concentration of 0.05 mg/mL and 1%
glucose. These starters were grown overnight (about 14 h) at 37 °C and added to 500 mL
of TB kanamycin media the following morning. The 500 mL culture was grown to an
ODygqg of 0.7-0.9 and induced with isopropyl 3-D-1-thiogalactopyranoside (IPTG) to a final
concentration of 0.8 mM. Zinc sulfate was also added to a final concentration of 0.2 mM.
The cultures were incubated for another 16-18 h at 26 °C.

2.7. Purification of Recombinant HDACS

Cells were harvested via centrifugation at 4500x ¢ for 10 min and lysed in a lysis
buffer (25 mM Tris, 3 mM MgCl,, 300 mM NaCl, 30 mM imidazole, 10% glycerol, pH 8.0,
supplemented with PMSF) via ultrasonication, and they were clarified via centrifugation
4000x g for 4 h at 4 °C. Then, 10 mL of lysis buffer was added for each gram of cell
pellet harvested from the cultures and pooled for sonication. HDAC8 was purified using
immobilized metal affinity chromatography (IMAC) performed on an AKTA Start from
Cytiva. The wash buffer (25 mM Tris, 3 mM MgCl,, 300 mM NaCl, 30 mM imidazole,
pH 8.0), elution buffer (wash buffer containing 300 mM imidazole) and storage buffer
(10 mM Tris, 3 mM MgCl,, 100 mM NaCl, 1 mM TCEP, 10% glycerol, pH 7.5) were modified
recipes from two separate studies [34,35]. The clarified and filtered lysate was loaded onto
the column and washed for 15 column volumes with wash buffer, continuing with 30 mM
imidazole and then 10 column volumes with wash buffers containing 100 mM imidazole.
This was carried out on the AKTA FPLC by mixing the wash and elution buffers at a ratio
to attain a final concentration of 100 mM imidazole. After elution and verifying which
fractions to pool via SDS-PAGE electrophoresis, the protein was desalted using a PD-10
desalting column packed with Sephadex G-25 from Cytiva that was equilibrated with the
storage buffer. The desalted eluate was concentrated to a point where 100 pg could be
obtained from 85 pL or less using Amicon® (Millipore Sigma, Darmstadt, Germany) ultra
centrifugal filters. This protein product was stored at —80 °C and used for assays within
2-3 days.

2.8. Colorimetric HDAC Activity Assay

HDAC activity was ascertained using a colorimetric HDAC assay kit from Abcam
(ab1432) following the provided protocol with a few adjustments. In total, 2 uL of 5 mM
zinc sulfate solution was added to increase enzyme activity, the amount of added HDACS8
was kept consistent at 100 ug per well, and the assay incubation time was 1 h and 30 min
instead of the recommended hour. For assaying the activity with inhibitors, 2 uL of 1 mM
of each inhibitor was added to the respective wells.

3. Results and Discussion

Clinically relevant HDAC inhibitors are in a variety of chemical classes such as hydrox-
amic acids, carboxylic acids, benzamides, or cyclic peptides [36,37]. Shown in Figure 2 is
HDACS8 with SAHA coordinated with the zinc in its active site, highlighting its accessibility
to the surface of the enzyme through a hydrophobic tunnel formed by Phel52, Gly151,
His180, Phe208, Met274, and Tyr306. At the base of the hydrophobic tunnel is the catalytic
Zn2*, which is coordinated by two Asp residues and one His residue, and normally, it has
an activated water molecule (displaced by SAHA). The SAHA linker transcends the hy-
drophobic pocket, and the hydroxamic acid group binds the active site Zn?*. We will utilize
HDACS as our model zinc enzyme to compare zinc complexes with the ligand scaffold
(shown in Figure 3) and trispyrazolylborate (Tp) ligand (specifically the hydrotris(3-phenyl-
5-methylpyrazol-1-yl)borate ligand, hereafter referred to as Tp). The ZnTp system has been
used before to examine the interaction of zinc-binding groups in drug molecules with a
mononuclear zinc center, modeling another zinc hydrolase and matrix metalloprotease.
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Figure 3. (a) SAHA bound to the TpZn motif and (b) SAHA bound to the HDAC active site. Relevant
bond lengths are as follows: for (a) Zn-O1 (1.94 A) and Zn-O2 (2.14 A); (b) Zn-O1 (2.0 A) and Zn-O2
(2.0 A).

3.1. Structures of TpZn Bound to 8HQ Derivatives

With the knowledge that 8HQs bind more strongly than hydroxamates, we selected
10 8HQ derivative molecules to examine which have a variety of electron-donating or
-withdrawing substituents in several different locations (Figure 4). These initial 10 were
selected based on their commercial availability. Of these, only the unsubstituted ligand
A has been bound, binding the TpZn system. To our knowledge, 8HQs have not been
studied versus HDACS, but they have been used to target a variety of other metal-based
proteins. Compound B is clioquinol, which has been used as an antibacterial and antifungal
compound [38,39], and compound C is nitroxoline, which has been used as an antibacterial
compound and has shown promise as an anti-amoeba treatment [40,41]. The TpZnOH
complex was synthesized as per previous reports and reacted with compounds A-J to form
TPZn(A-]). The products were generally yellow to orange powders. The reaction scheme is
shown in Figure 5.

Cl NO, cl
B B B B B
N/ N/ | N/ N/ N/
OH OH OH OH OH
A B c D E
Br Br
B B B B B
~ ~
N N N” Br N7 H,N” N7
OH OH OH OH OH
F G H | J

Figure 4. The 8HQ compounds examined in this study.

We have previously used the tridentate anionic trispyrazolylborate framework to
obtain an X-ray crystallographic structure of the parent 8HQ, A, bound to zinc [21]. In
order to compare the binding of the other 8HQs, we set out to obtain single X-ray crystal
structures of the other inhibitors studied in this work. We were successful for complexes
based on C, E, G, H, and I, and their structures are shown below in Figure 6.
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TpZnOH Compounds A-J TpZn(A-H) through Tpzn(J-H)

Figure 5. Common reaction scheme for the synthesis of complexes in this study.

TpZn(G-H) TpZn(H-H) TpZn(I-H)

Figure 6. Single crystal X-ray structures of TpZn(A-H), TpZn(B-H), TpZn(C-H), TpZn(E-H), TpZn(G-
H), TpZn(H-H), and TpZn(I-H), with ellipsoids shown at 50% probability and hydrogen atoms
excluded for clarity. Co-crystallized solvents were also excluded. The CCDC numbers are listed in
Table 1. TpZn(H-H) is of poor quality but shows overall connectivity.

With these structures in hand, we could compare the Zn-O and Zn-N bond lengths
of the structures, with the guiding principle that a shorter distance generally reflects a
stronger bond. The bond lengths from these structures are summarized below in Table 1.

As can be seen in Table 1, TpZn(E-H) is has the shortest Zn-O bond, and TpZn(B-H)
has the longest Zn-O bond. The shorter Zn-O bonds generally correspond to the un-
substituted phenol 8HQs. In addition, TpZn(H-H) has the shortest Zn-N bond of the
complexes, while TpZn(I-H) has the longest Zn-N bond. Given the concept that the shorter
bonds are generally stronger bonds, it appears that the 8HQs H, E, and A bind the best to
TpZn, based on comparing the sum of the Zn-O and Zn-N 8HQ bonds. However, bond
lengths can be affected by packing forces and potentially by interactions between the Tp
phenyl groups and the 8HQs. Therefore, we used DFT calculations to further examine
Zn-8HQ interactions.
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Table 1. Relevant bond lengths between the Zn and 8HQ ligands from the crystal structures of A-H.

Compound Zn-0O Bond (A) Zn-N Bond (A) Sum Reference CCDC #
TpZn(A-H) 1.9442(6) 2.1905(7) 4.135 [21] 1,429,136
TpZn(B-H) - - - - -
TpZn(C-H) 1.963(2) 2.219(2) 4.182 This work 2,225,097
TpZn(D-H) - - - - -
TpZn(E-H) 1.9334(8) 2.199(1) 4132 This work 2,361,176
TpZn(F-H) - - - - -
TpZn(G-H) 1.945(2) 2.207(3) 4152 This work 2,359,443
TpZn(H-H) 1.955(2) 2.165(5) 4.120 This work 2,359,448
TpZn(I-H) 1.94(2) 2.24(1) 4.180 This work 2,359,447
TpZn(J-H) - - - - -

3.2. Density Functional Theory (DFT) Calculations

In order to understand the thermodynamics of 8HQ binding to Zn, we used density
functional theory (DFT) at the MN15-L/def2TZVP level of theory to study the reaction in
Scheme 1. For the sake of computational speed, the Ph and Me groups on the Tp ligand
were replaced with hydrogen atoms. This also removes any energetic effect from the
interaction of the 8HQs with the phenyl groups, such as potential 7t— interactions. The free
energy of reactions in the gas phase was calculated for compounds A-] using the standard
“products minus reactants” approach for thermochemistry in Gaussian 16 and they are
shown in the table below, along with Zn-O and Zn-N bond lengths for the products [42].

) _ C)

+ N H—B" N, o

U/N O\ Fx @N

Scheme 1. Reaction for which deltaGyggx was calculated using DFT.

As can be seen in the data in Table 2, there is no clear correlation between bond
lengths and the energy of the reaction. The AG values likely correlate to the acidity of
8-hydroxyquinolines, as the nitro-substituted species would be expected to be the most
acidic. Disagreement is also seen between these calculations and the X-ray structures, as
the species with the shortest calculated 8HQ bond lengths are F and ], which have not been
crystallized; 8HQs A and I also have relatively short bonds but were found to have longer
bonds in the corresponding crystal structure. Fundamentally, the disagreement between
theory and X-ray structures indicates that packing forces may play significant roles in the
Zn-0O and Zn-N bonds in crystal structures. We next sought to study these 8HQs as ligands
of the zinc active site of HDACS and the inhibitors of hydrolase activity.

Table 2. Bond lengths and reaction energies for forming TpZn(A-H) through TpZn(J-H).

Compound Zn-0 Bond (A) Zn-N Bond (A) Sum Reaction Energy (kcal/mol)
TpZn(A-H) 1.988 2.149 4137 —16.4
TpZn(B-H) 1.997 2.156 4.153 —19.2
TpZn(C-H) 2.012 2.142 4.154 —441
TpZn(D-H) 1.989 2.155 4.144 —16.8
TpZn(E-H) 1.945 2.208 4.153 —15.9
TpZn(F-H) 1.986 2.147 4.133 —16.3
TpZn(G-H) 1.989 2.155 4.144 -16.9
TpZn(H-H) 1.997 2.151 4.148 —18.5
TpZn(I-H) 1.989 2.150 4.139 -16.9

TpZn(J-H) 1.959 2.176 4.135 -17.1
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3.3. Protein—Ligand Docking of HDACS

Figure 7 shows the results of the protein-ligand docking of 8HQ derivatives and their
relative docking scores reported in kcal/mol. All but one 8HQ, ligand I, did not bind to the
zinc center in HDACS in this study but rather sat above the active site. This does not align
with the small-molecule zinc hydrolase mimic chemistry, where TpZnOH reacted readily
with 8HQ species, suggesting that the shape of the substrate channel = allowing access to
the relatively buried active site of HDACS8 does not work well with simple 8HQs.

Figure 7. Protein-ligand docking of 8HQ derivatives with HDACS and their associated docking
scores reported in kcal/mol, with the letter of the compound shown to the left of the electrostatic
potential map of the protein-ligand complex.

Although the zinc-binding group of 8HQ inhibitors only enters the active site in the
case of inhibitor I, without the direct binding of zinc, it does not rule out possible inhibition
through zinc binding or other mechanisms. For example, 8HQ could block the access of the
substrate to the active site in an alternative way. Proteins are flexible structures and can
accommodate the bulky structure of 8HQs, which is something that is not accounted for
in the DockThor algorithm, which uses a static protein structure. It should also be noted
that all inhibitors scored in the —7.2 to —7.9 kcal/mol range, making the determination
of the ranking of inhibitors not feasible due to the similarity of the docking scores. Given
the experimental and computational studies reported above, an examination of residual
enzyme activity in the presence of 8HQ derivatives was performed utilizing an in vitro
inhibition assay specific for HDACs.

3.4. Expression and Purification of Recombinant HDACS

The expression and purification of recombinant HDACS were adapted with variations
from two previous protocols, [34,35]. During expression, 0.8 mM IPTG and 0.2 mM ZnSOy
were introduced upon induction for 16-18 h at 25 °C. Typical yields from a 500 mL culture
ranged from 3 to 7 mg, but samples were very pure from IMAC alone following this protocol
and required no further purification steps, as shown in Figure S2. The modification of
purification protocol is as follows: wash and elution buffers at a pH of 8, 300 mM NaCl to
prevent nonspecific electrostatic interactions, and 10% glycerol to increase solvent density
and help solubilize and stabilize HDACS prior to column loading. Buffers originally tested
at a pH of 7.5 with a 100 mM imidazole wash step compared to the buffers with a pH of 8
resulted in more nonspecific proteins only eluting after the addition of 300 mM imidazole,
as seen in the SDS- PAGE gels shown in Figures S1 and S2. Then, 100 mM imidazole at a
pH of 8 pulled off the nonspecific proteins with very minimal loss relative to HDAC.
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3.5. HDACS8 Enzyme Inhibition Studies

The inhibition of HDACS via 8HQs, as shown in Figure 8, shows that 8HQs are not as
effective as the hydroxamic acid TSA, which is similar to Vorinostat’s structure and also
features a cap, tail, and zinc-binding group. TSA is crystallized and bound to HDAC [32].
The 8HQ inhibition data are consistent with the predictions made via molecular docking
using DockThor. For example, docking the predicted inhibitor C would result in the least
amount of inhibition, while inhibition assays show C on the lower end of inhibition in
comparison to other molecules. Docking the predicted inhibitor I would perform the best,
and the results show I as one of the better-performing inhibitors. An outlier is inhibitor
H, which has a binding score of —7.342 kcal/mol, falling in the middle of the range of all
inhibitors. Docking predicted that the performance of inhibitor H would be in the middle
when in fact it provided the least inhibition with respect to enzyme activity. The fact that,
in direct competition assays, 8HQs were able to outcompete SAHA for zinc binding. In
the case of HDACS, zinc binding is not the only important interaction when it comes to
inhibiting HDACS. An inhibitor needs to be able to fit in the active site tunnel and interact
with residues in that tunnel even if it is only through Van der Waals interactions; hence,
the linear chain structure of the linker group on SAHA is part of the pharmacophore. The
linker and cap group on SAHA and TSA clearly provide an advantage over 8HQs in terms
of zinc binding to HDACS due to the accessibility of the zinc ion.

| | | | | I | I | ‘ I |
0 |
C D E F G H I J

Uninhibited A B TSA

S

Normalized Absorbance (405 nm)

¥}

Compound

Figure 8. Inhibition studies of HDAC 8 with 8HQ derivatives. The negative control was shown as an
uninhibited enzyme, and the positive control was shown as trichostatin A (TSA) a stand-in for SAHA.
Error bars are displayed, and all compounds are significantly significant (p < 0.05) except for H (0.19).

The data clearly show that the TpZn framework, while valuable for studying small
molecules bound to zinc, is not a good framework for understanding the binding of drug
molecules to HDACS or similar proteins. The tertiary structure of the protein plays an
important role, and the “linker and cap” structures of SAHA and TSA appear to make
them significantly superior to 8HQ, even though 8HQ binds better to zinc compared to
hydroxamic acids in small-molecule complexes.

4. Conclusions

In this work, we examined the role of substituents on 10 different 8-hydroxyquinolines
binding to a zinc small-molecule structure and the use of 8HQs as inhibitors for the
zinc-dependent enzyme HDACS8. We obtained five new crystal structures of substituted
8-hydroxyquinolines bound to the TpZn framework. The bond lengths between Zn and
8-hydroxyquinolines were compared, but a clear trend was not observed. Further, DFT
calculations of the related TpZn species did not correlate well with the X-ray structures.
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When docking studies were performed with the 8HQs and an HDACS crystal structure,
the 8HQs did not bind to the zinc atom in the active site, and they primarily did not fit well
into the active site as a class of molecules. This poor binding behavior was consistent with
the in vitro inhibition assay studies of HDACS, where all 8HQs did not inhibit hydrolase
activity to a large degree in comparison to a known hydroxamic acid inhibitor with a linker,
cap, and zinc-binding group. This study is limited due to the ineffective modeling of the
enzyme active in the small-molecule system. Overall, the TpZn framework should not
be considered a good model of HDACs because it does not account for the hydrophobic
tunnel that provides substrate access to the zinc ion.

Given these conclusions, future studies will focus on generating inhibitors based on
8HQ fragments with the linker and cap groups associated with the HDAC pharmacophore,
such as the proposed molecule shown in Figure 9. It is important to note that these future
studies are in reference to HDACS8 and are not generalizable to other zinc-containing
enzymes as it is the structure of the cavity that is being exploited. As a comparison with the
smaller 8HQs A-J, this compound was docked with HDACS and did show zinc binding,
and it accommodated the linker and cap groups. The overall docking score was better
than the known inhibitor SAHA. This proposed structure and similar molecules will be
synthesized and tested as inhibitors in future work.

Side View Top View

SAHA
(-7.543 kcal /mol)

8HQ SAHA Tail
(-9.196 kcal /mol)

Proposed Structure

Figure 9. Protein-ligand docking of a proposed molecule for future study generated by adding a
SAHA tail to 8HQ and a comparison of its docking and docking score to that of SAHA.
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