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Abstract

There are two main pathways through which cells dispose of damaged/misfolded proteins
in order to ensure cell viability and health: the proteasome and aggresome pathways. It
has been reported that by inhibiting both pathways a synergistic therapeutic effect is
achieved in Multiple Myeloma. The immunoproteasome is a proteasome isoform of
interest for cancer, inflammatory and autoimmune therapies. The purpose of this work is
to find potential dual-inhibitors for the human immunoproteasome and HDACG6 through
in silico studies.

Docking-based Virtual Screening was done on both intended targets with a database of
approved compounds for therapy from DrugBank and ligand-protein interactions were
analysed as a way to narrow down the Screening results. This led to four compounds of
interest for further study: Abarelix, Ritonavir, Alprostadil and Paritaprevir.
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Resumo

Existem duas principais vias de eliminacdo de proteinas malformadas ou danificadas de
forma a promover a longevidade celular: a via proteassomal e a via aggresomal. Ja se
verificou que inibindo ambas as vias, se obtém niveis sinérgicos de efeitos terapéuticos
em pacientes com Mieloma Multiplo. O imunoproteassoma é uma isoforma do complexo
proteico proteassoma com interesse para terapias de cancro, doencas inflamatdrias e
autoimunes. O objetivo deste trabalho é encontrar compostos com potencial de dupla

inibicdo do imunoproteassoma e HDAC6 humanos através de estudos in silico.

Screening Virtual a base de Docking Molecular foi feito para ambos os alvos pretendidos
utilizando a base de dados de compostos aprovados para terapia do DrugBank e as
interacdes entre os ligandos e as proteinas foram analisadas para filtrar os resultados dos
Screenings Virtuais feitos. Estas analises levaram a quatro compostos de interesse para

estudos futuros: Abarelix, Ritonavir, Alprostadil e Paritaprevir.
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Chapter 1: Introduction
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1. The Biologic Targets in this Thesis

1.1.1 The Proteasome and the Ubiquitin-Proteasome System

The proteasome is a protein complex tasked with regulating abnormal, damaged or
misfolded protein levels inside the cell through selective proteolysis. Depending on the
substrate, or client proteins the proteasome can influence several biological processes
including cell-cycle control, metabolic adaptation and cell differentiation by degrading
cyclins, metabolic enzymes and transcription factors, respectively. The proteasome
comprises two sub-complexes; a catalytic core responsible for the protein cleaving
designated the 20S proteasome, and one or two 19S regulator proteins tasked with
substrate identification and 20S core activation. Depending on how many 19S proteins
are connected to the 20S core, one or two, the complex is designated as 26S or 30S
proteasome respectively. The proteasome complex may undergo changes in its catalytic
core and regulator proteins to create specialized variants of the complex, one of which
will be expanded upon further in this section. With the purpose of differentiating the
different proteasome isoforms the proteasome is referred as constitutive proteasome as its

other forms are dubbed immuno- and thymo- proteasomes. [1-4]

Protein degradation by the proteasome may occur through two methods, a ubiquitin-
dependent process (Figure 1) and a ubiquitin-independent one. For the former to occur,
ATP is necessary as an energy source to jumpstart the activation of ubiquitin by the E1
enzyme. The activated ubiquitin is then transferred to the ubiquitin-conjugating E2 and
lastly the ubiquitin-ligase E3 transfers the ubiquitin from E2 to the target protein. This
process is repeated to form a chain of ubiquitin molecules connected through the lysine
48 residue in each ubiquitin. The chain serves to tag the target protein for degradation via
the proteasome-ubiquitin system. The proteasome is then capable of identifying the client
proteins through the 19S regulator proteins which remove the ubiquitin chain, open and
activate the 20S core. [1, 5] For the latter degradation method to occur, the substrate
proteins are required to possess an unfolded section in their structure whether be it a part
of their natural structure or a result of oxidative stress, heat or any other denaturising
factor. [6-7]
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Figure 1: Schematic of the ubiquitin-proteasome degradation method. [5]

1.1.2 20S Proteasome Structure

The proteasome is a complex with a well-known structure through X-ray crystallography
characterization. Furthermore, through these studies, it has been established that
eukaryotic proteasomes share the same structural architecture, despite organism

differences, whereas prokaryotic proteasomes possess a less complex structure. [2. 8-9]

As mentioned above, the proteasome comprises two sub-complexes. The eukaryotic 20S
catalytic core has a cylindrical structure formed by the stacking of four protein chains,
two outer a chains and two inner B chains, which in turn are themselves divided in seven
different sub-units each, creating a a1-7B1-7P1-701-7 structure. Each B chain provides three
distinct specific catalytic centres; B1 sub-unit with caspase-like, B2 sub-unit with trypsin-
like and PBs sub-unit with chymotrypsin-like activities meaning they cleave proteins after
acidic, basic and hydrophobic residues respectively. All three catalytic sub-unit types
have N-terminal threonine residues acting as nucleophiles in peptide bond hydrolysis.
The a chains provide a physical barrier for the B inner chains blocking proteins which

haven’t been identified the 19S sub-complex for ubiquitin-dependent degradation or

[3]



folded proteins that are too bulky to enter the catalytic centre for ubiquitin-independent
degradation. [1, 5, 9-10]

The 19S sub-complex is formed from two sub-structures, a “base” connected to the 20S
a chains and a “lid” on top of the “base” structure. The base comprises nine Sub-units, six
ATPases, Rptl-6, and three non ATPases, Rpnl-2 and Rpn10 while the lid is formed by
eight sub-units Rpn3, Rpn5-9 and Rpnll-12. The 19S base is critical for structural
assembly of the proteasome 26S and 30S complexes since the C-termini of the Rpt
proteins are inserted in the o chains’ sub-units, the Rpn proteins are responsible for the
19S sub-complex integrity (Rpn1-2) and ubiquitin recognition (Rpn10). The lid’s primary
role is deubiquitylation and unfolding of the substrate proteins. [11]

Though the proteasome’s best-known form is the 26S/30S, catalytic 20S conjugated with
one or two 19S regulators, oxidative stress induces 26S/30S disassembly towards 20S
proteasome and induces the activity of another proteasome regulator protein, the 11S sub-
complex. This heptameric complex binds to the 20S proteasome through their C-termini
residues that insert themselves in the pockets between o sub-units. This conjugation
induces a conformational shift in the o ring, forcing the a2, a3, o4 and as Sub-units to
change from the “closed gate” conformation, enabling unfolded proteins to reach the

catalytic core suffer ubiquitin-independent degradation. [12]

1.1.3 Peptide Hydrolysis in the 20S Proteasome

Since the N-terminal threonine is the residue responsible for the nucleophilic attack in
peptide hydrolysis, the catalytic sub-units of the proteasome are Threonine Proteases. For
the hydrolytic activity of these type of enzymes it is paramount that the threonine is in the
N-terminal of the protein so that its amino group is not involved in an amide bond to other

amino acids.

[4]
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Figure 2: Peptide hydrolysis by Threonine Proteases. [13]

The amino group is necessary for the hydrolysis because it’s part of a water mediated
hydrogen transfer that enables the hydroxyl of the secondary alcohol to attack the
carbonyl group of peptides forming an acyl-enzyme. A water molecule then attacks the

ester’s carbonyl in order to restore the threonine’s hydroxyl group (Figure 2). [13]

1.1.4 20S Proteasome Inhibitors

The proteasome has been an interesting therapeutic target in oncology ever since 2003
when the FDA approved Bortezomib for the treatment of relapsed or refractory multiple
myeloma. Since then several other proteasome inhibitors with different types of chemical
structures were developed or discovered, though many are peptide derivatives.
Bortezomib is a peptide boronate acid and reversibly inhibits the proteasome (Figure 3)
by forming tetrahedral adducts with the threonine residues in the catalytic sub-units.
These adducts are then stabilized by a hydrogen bond between the N-terminal of the

threonine residues and one of the boronic acid’s hydroxyl groups. [14]

[5]
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Figure 3: Structure of Bortezomib [15] and proteasome inhibition mechanism of boronate
acids. [14]
The second proteasome inhibitor approved for multiple myeloma therapy was
Carfilzomib in 2012. Unlike its predecessor, Carfilzomib (Figure 4) is a peptide
epoxyketone derived from the natural product epoxomicin with an inhibitory specificity
towards the chymotrypsin-like activity of B5 sub-units over the other catalytic sites of the
proteasome. The catalytic threonine residue of the proteasome attacks the carbonyl
forming a hemiacetal intermediate. The N-terminal then opens the epoxide moiety by
attacking the least substituted carbon and establishing a seven-member morpholine ring.

Unlike the boronate inhibition, epoxyketones inhibit the proteasome irreversibly. [14, 16]
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Figure 4: Structure of Carfilzomib [17] and proteasome inhibition mechanism of epoxyketones.
[14]

Ixazomib (Figure 5) is the third and most recent proteasome inhibitor approved by the
FDA in 2015. As a peptide boronate, its mode of action and specificity are identical to
Bortezomib’s. The difference between the two inhibitors is the pocket retention time, as
both compounds inhibit reversibly, in time they both leave the 5 active pocket, however

Ixazomib does this approximately six times faster. [18-19]

[6]
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Figure 5: Structure of Ixazomib. [20]

Many other compounds with different chemical structures are currently in clinical trials,
meaning there is a potential for more structural diversity in approved proteasome
inhibitors in the future. Worthy of note is Marizomib, a -lactone derived from the marine
microorganism Salinispora tropica, capable of irreversibly inhibiting the proteasome
catalytic trio (Figure 6). The catalytic threonine residue attacks the C from the carbonyl
moiety opening the lactone followed by the formation of a tetrahydrofuran ring resulting
of a displacement of the chloride atom from the inhibitor. Clinical trials for Marizomib
are entering Phase 111 for the treatment of newly diagnosed glioblastoma (NCT03345095)
[21] and Phase Il for the treatment of multiple myeloma has already been completed
(NCT00461045). [14, 22-24]

Figure 6: Marizomib Structure[24] and proteasome inhibition mechanism of B-lactones. [14]

[7]



1.2 The Immunoproteasome

The immune system possesses a diverse array of mechanisms to defend the organism
from most threats. Of interest to this work is the interferon-y’s capabilities to up-regulate
the expression of several proteins important for antigen presentation on the major
histocompatibility complex class I (MHC-1) including three different catalytic sub-units

and two non-enzymatic activators for the proteasome proteolytic complex. [25-27]

The catalytic B1, 2 and B5 are replaced by their immuno-counterparts ip1(LMP-2),
iB2(MECL-1) and iB5(LMP-7) as for the 19S regulatory complex is replaced with the 11S
regulator, comprising the proteasome activators o and B (PA18a and PA18p). [28-30]

1.2.1 The Immunoproteasome Function

For both constitutive and immune proteasomes the catalytic B1, B2 and B5 sub-units the
catalytic threonine in unaltered, making each of the sub-units Threonine Proteases,
however they possess affinity to different substrate peptide bonds to hydrolyse. Though
sub-units B2 and B5 keep their trypsin and chymotrypsin-like activities respectively, the
same cannot be said for B1 sub-units. Constitutive B1 sub-units presents a preference for
cleavage after acidic residues and as for i1 there is a change to chymotrypsin-like activity
creating a second catalytic site generating peptides with C-terminal hydrophobic residues
for antigen presentation on MHC-I. [31]

In normal cases peptides for antigen presentation originate from the cell’s own proteins,
but in cells infected with viral proteins presentation of peptides derived from the foreign
proteins will signal virus specific cytotoxic T lymphocytes for elimination of infected
cells. [31-32]

Though its ability to generate peptides for antigen presentation for defence against viral
organisms the immunoproteasome is also capable of cleaving cell native misfolded

proteins in likeness of the constitutive proteasome. [31]

8]



1.2.2 Structural Differences Between Human CP and IP

Proteasome 1

Residue 10 20 30 40 50 60
h CP Q L TTGSYI TPIHD FCC VT
h IP E S SAGEA SPLHE Y| AA
Residue 70 80 90 100 110 120
h CP GFHS! N HT SLFKEMC MAGIII PQ SVP.

h IP ELHG E L NVVRNISYK SAHLMV GTL
Residue 130 140 150 160 180
h CP S SY| TYREGMTK LQO Ni

h IP P TF KPGMSP R TD I

Residue 190 200

h CP Q L IDQI AVA TLPPA
h IP D NEL YDE--—-————

Proteasome 32

Residue 10 20 30 4

h CP YK I EG N CS S TD QLIS
h IP LVEQ VI NDS S CE RMVA
Residue 70 80 100 110 120
h CP NL S L A H ST TD
h IP K E L 0 G YS
Residue 130 140 150 160 170 180
h CP KLPYVT SL F K DMEEEE AKNLVS IA FN| SNIDL S

h IP FTAL ODAALAVL QPNMTLEA AQGLL VT LG Gl T

Residue 190 200 210 220 230

h CP NKLDFLRPYT VPNKKGTRL RCE EKITPLE IEVL QT MDTS
h IP TGAKLLRTLS SPTEPVKRS HEVP QOTVKPLT LEL QA MEVE

Proteasome 5

Residue 10 40 50 60
h CP RH Fi

h IP 0H LR Y
Residue 70 lOO 110 120
h CP ROCRIYE VY SEGN
h IP KECRLYY K EHGT
Residue 130 150 170 180
h CP I T SYD

h IP LSGN T NT RPN

Residue 190 200

h CP IRVSSD NV. HEKYS GSTP
h IP VKVEST DVSDLLHQYR EANQ

Figure 7: Residue alignment for human constitutive and immunoproteasome B sub-units. A green highlight
represents equal residue sequences. A yellow highlight represents a section where ip1 is shortened by one residue
causing following sequences to be misplaced otherwise. A blue highlight represents residue changes important for
isoform specificity. Residues listed in a red colour are responsible for the chymotrypsin-like activity of p5 sub-units.
Residues listed in bold create a H-bond network that stabilizes proteolytic activity.

[9]
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Figure 8: Representation of a peptide chain in the proteasome pocket. [33]

Though both isoforms are very similar there are a few important structural differences
between them that justify the difference in inhibitor specificity (Figure 7). From the three
catalytic sub-units B2 is the one with least significant changes to its overall structure and
binding channels with the exception of Y114H which affects a primed pocket of the
adjacent iB1.

Looking at the Bl amino acid comparison a few changes are of importance towards
proteasome specificity, namely the T20V, T31F, R45L, T52A substitutions which
diminish the size and increase the hydrophobic nature of the S1 pocket. Also important
are the T22A and A27V changes which together with the above-mentioned change in 2
which reduce the size and polarize the S3 pocket of iB1.

Though the iB5 sub-unit retains the same amino acids responsible for the chymotrypsin-
like activity in A20. M45, A49 and C52. the binding pocket changes are quite significant.
The change A27S makes the S3 pocket more hydrophilic, A46S and V128T increase the
size of the oxyanion hole and alongside G47 a H-bond network is formed to stabilize the
intermediate product of the proteolytic activity. Affecting the size of the pockets, G48C
diminishes the depth of the S2 pocket and S53Q helps stabilizing M45 making it adopt a

conformation which widens the S1 bonding pocket of the sub-unit.

[10]
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Figure 9: Human constitutive and immune B5 pockets with crystallographic ligand ONX-914.

Analysing the surfaces of both constitutive and immune B5 pockets (Figure 9) becomes
clear the size change between both isoforms. The constitutive pocket is in most regions,
smaller than the immune counterpart with exception noteworthy to the surface area
created by C48 in the immune B5 sub-unit where the superficial surface in the immune

proteasome “bridges” the sub-units that form the pocket.

1.2.3 Immunoproteasome in Pathophysiology

The immunoproteasome has been connected to a plethora of diseases. In a study on
induced inflammatory colitis, immunoproteasome deficiency led to reduced symptoms
when compared to wild type mice and treatment with ONX-0914 led to reduced
pathological symptoms. [34] This leads to the conclusion that in inflammatory
pathologies the increase of cytokines leads to an upregulation of the immune isoform of
the proteasome and therefore specific immunoproteasome inhibition is a potential therapy

for these conditions.

Another area of therapeutic interest on the immunoproteasome is its connection with the
pathogenesis of autoimmune diseases through modulation of the differentiation of CD4*T
cells. Inhibition of the iB5 has been shown to supress the differentiation of pro-
inflammatory T cells (Thl and Th1l7) while enhancing the generation of anti-

inflammatory regulatory T cells. [35]

In likelihood to the constitutive proteasome, the immunoproteasome has also been found
to be overexpressed in cancer cells, however the upregulation of the immunoproteasome
genes is regulated by extrinsic and intrinsic cell processes in different types of cancer

[11]



cells. In breast cancer the upregulation on the presence of IFN-y-secreting tumor-
infiltrating lymphocytes to induce immunoproteasome overexpression. In acute myeloid
lymphoma the upregulation is regulated autonomously by the cancer cell since they are
reliant on oxidative phosphorylation and therefore more susceptible to oxidative stress.
[36]

1.2.4 Immunoproteasome Inhibitors

Though several immunoproteasome inhibitors have been discovered and studied, in terms
of chemical families they fall on the same categories as the constitutive proteasome’s
inhibitors. Since the nucleophilic threonine residue remains unchanged in constitutive and
immunoproteasomes the inhibition reactional mechanism will be the same in either case.
It is known now that specificity between the two proteasome isoforms comes from the
non-covalent interactions between the inhibitor and the substrate-binding channels of the
proteins. [32. 38-39] That however, is not to say that there are no promising molecules

when it comes to specific immunoproteasome inhibitors.
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Figure 10: Structure of immunoproteasome selective inhibitor ONX-0914. [39]

There have been made efforts to discover immunoproteasome selective inhibitors in order
to closing in on the prospects of selective immunoproteasome inhibition approved for
therapy. Onyx Pharmaceutical not only owns the already approved Carfilzomib
(Kyprolis™) proteasome inhibitor, also one of the best known selective iB5 inhibitors,
ONX-0914 (Figure 10). ONX-0914 has been studied thoroughly and has shown higher
inhibitory activity for the iB5 (ICso = 0.083 uM) than for the other immune sub-units

[12]



(ICso = 0.211 uM for iB1 and ICso = 0.675 uM ip2) [40] for promising results in viral-

mediated heart inflammation in mice. [41]
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Figure 11: Structure of immunoproteasome inhibitor from Cornell University PKS2256. [42]

In a patent review by Ogorevc et al. published in 2018 [42] several immunoproteasome
inhibitors are presented. PKS2256 (Figure 11), a compound developed by Cornell
University (W0O2015106200) has the lowest iB5 ICso in the review at 1Cso = 0.09 nM.
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Figure 12: Structure of immunoproteasome inhibitor from Roche “example12”. [42]

Roche is in possession of several high potential inhibitors for the immunoproteasome and
one has been used in X-ray crystallography and is one of the reference inhibitors featured
in this thesis (PDB ID 5M2B), however in the review by Ogorevc et al. there is one
inhibitor with lower values of ICsp, “example 12” (Figure 12). Roche “example 12” has
shown higher affinity for iB5 over constitutive B5 sub-unit (ICso = 0.021 uM for the
immune isoform and ICso = 1.075 uM for the constitutive). [42]

[13]



1.3.1 Histone Deacetylase (HDAC)

In eukaryotic cells genetic information is kept in molecules of DNA packed inside the
cell nucleus in chromatin complexes. These complexes are created from the arrangement
and agglomeration of nucleosomes, an octameric core comprising two copies of four
histones (H2A, H2B, H3 and H4) and DNA (146-147 base-pairs) tightly wrapped around
them. Nucleosome cores are connected through linker DNA of variable length and a
linker histone (H1). [44-46]

chromosome

N-terminal histone tail
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Figure 13: Histone role in DNA packaging and storage. [46]

histone proteins

Chromatin structure has been found to be highly influenced by interactions between
nucleosomes and non-histone proteins and even nucleosomal histones and DNA chains.
Such interactions are possible through the histones H3 and H4 N-terminal histone tails
(Figure 13) though they may be rather short (26 and 19 amino acids respectively) the
interactions in which they intervene are reported to possess central roles in chromatin

structure and function. [47]

Scientific works dating as early as 1964 [48] have established that histones H3 and H4
suffer post-translational modifications on the N-terminal tails. Due to their highly basic
nature the N-terminal tails are able to interact with neighbouring nucleosomes influencing
the packaging of nucleosomes and consequently chromatin structure. It stands to reason
that modifications to these amino acid chains will have their own effects on chromatin

organization.

[14]
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Figure 14: Lysine e-amino group acetylation mechanism of HATSs. [49]

Histone acetylation was one of the first post-translational modifications to be reported
(alongside histone methylation) in the 60’s. This transformation is now known to be
regulated by two enzymatic families, histone acetyltransferases (HATS) and histone
deacetylases (HDACSs). Histone acetylation is a specific case of protein lysine acetylation
which refers to the transfer of an acetyl moiety to the e-amino group of the amino acid
(Figure 14). [50]

1.3.2 The HDAC Superfamily of Enzymes

HDAC is a superfamily of enzymes which are divided in four classes according to
homology with yeast deacetylases. Class | HDACs comprises HDACs 1, 2. 3 and 8 which
are ubiquitously expressed and present mainly in the cell nucleus. Class Il HDAC is itself
divided in two subclasses Ila and I1b. The former consists of HDACs 4, 5, 7, 9 and unlike
other members of the HDAC superfamily, class lla HDACs present a restricted
expression pattern. HDACs 5 and 9 are highly expressed in muscle tissue and the brain.
HDAC4 is mainly present in the brain and skeleton growth plates and HDAC7 in
endothelial cells and thymocytes. Class Ilb HDAC is formed by HDAC 6 and 10.
HDAC10 has been recently reported to a viable therapeutic target due to its ability to
overcome chemoresistance in neuroblastoma [51] as well as having a crucial role in
homologous recombination. [52] HDACG6 has been reported to be the main cytoplasmatic
deacetylase in mammalian cells [53] and to serve as an important regulator in the
proteasome-ubiquitin system by binding to the complex protein-ubiquitin and transport
the misfolded proteins through microtubules to the perinuclear aggresome (this latter role
of HDACG will be expanded upon further in this section). [54]

[15]



Class 11l of the HDAC family, also designated as the Sirtuin family, comprises seven
(SIRT1-7) enzymes located in different parts of the cell. SIRT 1 and 2 can be found on
the cytoplasm, SIRT1 is also active inside the cell’s nucleus alongside SIRT 6 and 7,
SIRT 3, 4 and 5 operate inside the mitochondria. Unlike the other HDAC classes, sirtuins
are nicotinamide adenine dinucleotide (NAD™) dependent for their deacetylation
mechanism. while the other HDAC classes employ a catalytic network centred around a
zinc atom, also called a zinc finger in the literature. [56-57]

The sole member of HDAC class IV is HDAC11. Though it is the least known member
of the family, HDAC11 has been discovered to have tremendously more efficient
(10,000-fold) lysine defatty-acylase than deacetylase activity. Additionally HDAC11 has
been reported to possess the ability to restore the responsiveness of CD4" T cells by
inducing inflammatory antigen-presenting cells. [57-58]
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Figure 15: Zn-depend HDAC enzymatic mechanism based on HDACS8 pocket. [59]

HDAC classes I, 1l and IV employ the same enzymatic mechanism revolving a zinc ion.
In the active pocket of these enzymes, two histidine residues are of paramount
importance. One histidine residue begins the reaction by activating a zinc-coordinated
water molecule, enabling the nucleophilic attack on the carbonyl moiety of the acetylated
histone. The other is necessary for hydrogen replenishing on the leaving amino group of

the amide hydrolysis (Figure 15).

1.3.3 HDAC Inhibitors

Though there are several known chemical structures with HDAC inhibitory activity, they

all follow the same “architecture”: a Zinc-chelating group for interactions inside the

[16]



active site; a “cap” group for surface recognition and interactions with the outer regions
of the HDAC pocket; and an aliphatic Linker group connecting the other two moieties of
the molecule.
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Figure 16: Structure of HDAC inhibitor Trichostatin A. [60]

The first reported HDAC inhibitor was Trichostatin A (Figure 16), a natural compound
isolated from a strain from the bacteria Streptomyces and was firstly identified as an
antifungal antibiotic. [60] Trichostatin A is a Zinc dependent HDAC pan-inhibitor
(inhibits several HDAC isoforms without great specificity) with 1Cso for HDACS in the
magnitude of the nanomolar (0.4 nM). [61] In Figure 16 the division of the structure in
the three components of the HDAC inhibitor architecture is highlighted in different
colours: Blue highlights the hydroxamic acid group that chelates with the Zn ion on the
HDAC active site; Red highlights the “cap” moiety of the molecule; Green highlights the

aliphatic linker between the “cap” and the Zn-binding group.

OH

ZT
T=
\

Figure 17: Structure of HDAC inhibitor Vorinostat (SAHA). [62]

Vorinostat (also known as SAHA) is another Zinc dependant HDAC pan-inhibitor with
low value of ICsp for the human HDACG (1.4 nM). [63] Like Trichostatin A, Vorinostat

is a compound using the quite popular hydroxamic acid group as a Zinc-binding group.

[17]



In Figure 17 the structure of Vorinostat appears with the same colour scheme as with
Trichostatin A (Figure 16).

(0] o]
/ JY<
HN
HN
S\ O
S
RNV
o y o

Figure 18: Structure of the depsipetide HDAC inhibitor Romidepsin. [64]

Romidepsin is quite different from Trichostatin A or Vorinostat. Unlike the previous
inhibitors described, Romidepsin possesses a more specific HDAC inhibition profile
since it has been shown that it mainly inhibits class | HDACs and has higher activity
(ICs0 = 4 nM in HDAC1) than for class 1l isoforms (ICso = 281 nM in HDACS). [65]
Another difference is that Romidepsin is a pro-drug, meaning it will open the disulfide
bridge once inside the cell and the sulfur atom on the longest “leg” will be used as the
Zinc-binding moiety. [66]

1.3.4 Proteasome and HDACG6 Synergy

In a previous section of this report, HDAC6 was mentioned to serve as a regulator of
protein degradation by transporting misfolded proteins to the perinuclear aggresome. In
more detail, HDACSG is found mainly in the cytoplasm its substrates there is tubulin which
can polymerize to form microtubules, platforms for intracellular transport of proteins to
be degraded by the lysosome. HDACG6 has been reported to regulate the acetylation of
Hsp90 (heat shock protein 90) in multiple myeloma cells and therefore have an impact
on the degradation of PPP3CA (Protein Phosphatase 3 Catalytic Sub-unit Alpha

Isozyme), an enzyme highly expressed in multiple myeloma cells.[53, 67]
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Figure 19: Structures of three HDAC inhibitors used in combination with Bortezomib: A) Panobinostat
[67]; B) Ricolinostat [68]; C) Quisinostat [69]
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HDAC inhibitors have been paired with Bortezomib in combinatory therapies as a method
for overcoming drug resistance. The combinatory inhibition of the two major cellular
mechanism for disposal of damaged/misfolded proteins has been shown to lead to a
synergistic level of apoptosis. By inhibiting both proteasome and aggresome pathways,

an increase in poly-ubiquitinated proteins results in increased cellular death. [70]
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1.4 Objectives of this Investigation Work

The immunoproteasome is a possible therapeutic target for several pathologies of interest,
as well as being a target in cases of Constitutive Proteasome inhibition resistance and it’s
interesting to investigate if the synergy with HDAC6 could lead to new and powerful
therapies.

The purpose of the investigation described in this thesis is to ascertain the existence (or
not) of potential dual-inhibitors for the Immunoproteasome and HDAC6 among already
known and therapy-approved compounds. On this work Virtual Screenings were
conducted to look for possible dual-inhibitors of the human Immunoproteasome and
human HDACS.

[20]



Chapter 2: Methodology
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2.1 Computer-Aided Drug Design in Drug Discovery

The process of discovering new and effective drugs is complex, requiring
interdisciplinary knowledge and immense investments of time and economic funds, in
order to yield a drug design with therapeutic effectiveness and commercial viability. In
order to help in the effort of drug designing, computational tools were developed in order
to reduce the time and investment needed. The collective of these procedures is known as
Computer-Aided Drug Design (CADD) or in silico drug designing.

The fundamental basis for CADD is that any pharmacologically active molecule acts
through interactions with biological molecules like proteins or nucleic acids as an
example. Therefore, it stands to reason that developments in techniques like X-ray
crystallography and Nuclear Magnetic Resonance spectrometry will empower the
viability of CADD methods. [71]

In silico methods allow for detailed studies of the biologic target for active site
identification to understand how will any potential drug interact with it, if at all, homology
studies to search for homologue models that may be economically more viable to acquire
for posterior in vitro or in vivo assays. Likewise, it’s also possible to create mathematical
models from known active molecules in order to predict if any other compound being
studied shares any important physical or chemical characteristics with the reference
molecules. It’s also possible to study a large number of molecules and trim the list of
possible drugs through ranking systems based on the free energy of the compound-target
complex. [71-72]

However, CADD’s major flaw is that all the information these methods may provide, and
how reliable they may be, it must be considered that they are all predictions and on their
own, they are not sufficient evidence for the activity of any given compound. In silico
predictions are required biological confirmation before the molecule can be considered
for drug production.

[22]



2.2 Introduction to Virtual Screening

Virtual Screening is an ample term that simply put refers to any computational processing
of a large database of molecule data in order to trim said molecular database to a “handful”
of lead compounds. As it is a strictly computational procedure, Virtual Screening’s
strengths lie in saving both time and funds for research groups prior to laboratorial
investment, while its weaknesses are defined by the amount of information gathered
(crystallographic structures, compound characterization etc.) and computational power

available.

As said above, the term Virtual Screening is applicable to a myriad of procedures. Virtual
Screening can be divided into two major groups of approaches: Ligand-Based and
Structure-Based. Ligand-Based Virtual Screening approaches revolve around knowing
the molecular structure of active molecules for the intended macromolecular target like
Quantitative Structure-Activity Relationships (QSAR) that relies on calculating
molecular descriptors of known bioactive molecules to build a model that will then be
used to predict bioactivity of molecules of interest. Structure-Based Virtual Screening
methodologies centre around the knowledge of a specific biologic target’s structure in
order to determine possible lead compounds. [73] Though several approaches could be
taken, in this work a Docking-Based Virtual Screening approach was employed, meaning
Molecular Docking and its scoring and ranking were the main filter to identify any
possible dual Immunoproteasome-HDACS6 inhibitors. [74]

2.3 Introduction to Molecular Docking

Molecular docking has been established has an important part of the bioinformatic arsenal
employed in CADD as it allows for predicting the binding modes of small molecules in
a biological macromolecule’s binding sites (Figure 20). This allow to further study
biomolecules of therapeutic interest and determine the interactions established between
the protein and small molecules that may lead to target modulation. For any docking
protocol a protein three dimensional structure, whether ligand-bound or not, as well as
any ligand’s structure and a computational framework capable of running docking and

scoring procedures are needed. [75]

[23]
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Figure 20: Demonstrative scheme of molecular docking. [76]

2.4 Crystallographic Structures

Table 1: Data collection on Human Immunoproteasome 5 sub-unit crystallographic structures
from PDB.

Macromolecule PDB Ligand nggnd Res?kj)tlon DOl

Yeast 20S
proteasome with
human beta5i and
human beta6
Yeast 20S
proteasome with
human betabi and
human beta6
Yeast 20S
proteasome with
human betabi and
human beta6
Yeast 20S
proteasome with
human beta5i and
human beta6
Yeast 20S
proteasome with
human beta5i and
human beta6
Yeast 20S
proteasome with
human beta5i and
human beta6
Yeast 20S
proteasome with
human betabi and
human beta6

5M2B Ro19 7DX 2.7 10.1002/cbic.201700021

5L5D ONX-914 04C 2.8 10.15252/embj.201695222

5L5E Carfilzomib 3BV 2.9 10.15252/embj.201695222

5L5F  Bortezomib BO2 2.5 10.15252/embj.201695222

5L5H PR-924 39V 2.6 10.15252/embj.201695222

5L51 Epoxyketone9 38X 2.9 10.15252/embj.201695222

5L5J) Epoxyketoneld  6NS 2.9 10.15252/embj.201695222

[24]
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Table 1(cont): Data collection on Human Immunoproteasome 35 sub-unit crystallographic
structures from PDB.

Ligand Resolution

Macromolecule  PDB Ligand D A) Reference
Yeast 20S
proteasome with 5 5, Epoxyketone 44, 26 10.15252/embj.201695222
human beta5i and 16
human beta6
Yeast 20S
proteasome with o, o, Epoxyketone g 28  10.15252/embj.201695222
human beta5i and 17
human beta6
Yeast 20S
proteasome with Epoxyketone .
human betasi and 5L5Q 18 6NV 2.8 10.15252/embj.201695222

human beta6

In Protein Data Base (PDB) there are ten available structures for a yeast-human hybrid
proteasome (20S constitutive yeast proteasome with human immunoproteasome i35 and

6 sub-units) [77-86].

From these crystallographic structures were selected through a series of small and fast
docking procedures to select the best structures out of the list since if even in small
docking calculations, the crystallographic ligands’ conformation can be replicated, it
would stand to reason that in more extensive and exhaustive calculations the
crystallographic conformations will be replicated as well. Five out of the ten were
selected: 5SM2B, 5L5F, 5L5H, 5L5I and 5L5J.

Table 2: Data collection on Human and Danio Rerio HDACS6 crystallographic structures from
PDB.

Ligand Resolution

Macromolecule PDB Ligand 1D A) DOl

Human HDAC6  5EDU Trichostatin A TSN 2.79 10.2210/pdb5EDU/pdb
D‘;‘j‘[i;)ARCegio 5331 Vorinostat SHH 1.32 10.2210/pdbSEEI/pdb
Dapo R0 swetL Ricolinostat AH4 1.70 10.2210/pdb5WGL/pdb
D?_:‘S)A%*gio 5WGM ACY-1083 AHT7 1.75 10.1073/pnas.1718823114
D?_"]SAngO 6ROK $5208 INN 1.15 10.2210/pdb6ROK/pdb
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Table 2(cont.): Data collection on Human and Danio Rerio HDACS6 crystallographic structures

from PDB.
Macromolecule PDB Ligand Ligand  Resolution DOl
ID (A)

Dﬁg’;ﬁfgo 6CSP Cyclohexenylhydroxamate FBM 1.28 10.2210/pdb6CSP/pdb
Danio Rerio

o ne! 6CWS RTS-V5 FGY 1.9 10.2210/pdb6CW8/pdb
Danio Rerio

o 6DVM DDK-122 HBJ 147 10.2210/pdb6DVM/pdb
Danio Rerio

o Re! 6DVO Bavarostat HBV 1.98 10.2210/pdb6DVO/pdb
Dﬂ‘g)AFéfé'o 6MR5 Sulfanylacetamide W45 1.85 10.2210/pdb6MRS5/pdb

Though PDB provides a larger number of crystallographic structures for the human
HDACSG6 than for the Immunoproteasome, most were considered improper to be used
since the ligand was not positioned near the zinc cation inside the pocket. This would
make it hard to analyse pose replication since the centre of the active site would always
be defined in the docking validation step to be that zinc atom. In alternative, HDACG6
from Danio Rerio provides a larger selection of structures with ligands positioned near
the zinc cation. Nevertheless, this work is to be focused on inhibition on Human
macromolecules and so a homology study had to be done. On Molecular Operating
Environment (MOE) after aligning and superposing the ten structures for HDACG6 (Table
2) it’s possible to retrieve a plot of the average RMSD (Root-Mean-Square Deviation)

between the structures.
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RMSD = 0.472 A
1 2 3 4 5 6 7 8 9 10

1: 5EEI.A
2: 5WGL.A
3: 5SWGM.A
4: 6CSP.A
5: 6CW8.A
6: 6DVM.A
7: 6DVO.A
8: 6MR5.A
9: GROK.A
10: SEDU.A

Figure 21: RMSD (A) plot produced by MOE of the ten HDACS crystallographic structures. The RMSD
value appearing as a header (0.472 A) for the plot is the average deviation value between all ten structures.

RMSD = 0.239 A
1 2 3 4 5 6 7 8 9 10

1: 5EEI.A
2: 5SWGL.A
3: 5WGM.A
4: 6CSP.A
5: 6CW8.A
6: 6DVM.A
7: 6DVO.A
8: 6MR5.A
9: 6ROK.A
10: 5EDU.A

Figure 22: RMSD (A) plot produced by MOE of the ten HDACG crystallographic structures considering
only residues within a 10 A radius from the zinc cation. The RMSD value appearing as a header (0.239 A)
for the plot is the average deviation value between all ten structures.
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In (Figure 21) a plot comparing the deviation between the ten crystallographic structures
(351 residues) shows that the differences between the Human structure and the Danio
Rerio structures is minimal (0.61 to 0.79 A). If considering only residues closer to the
zinc cation of the active site (46 residues), as seen in Figure 22, the deviations registered
are even smaller (0.24 to 0.39 A) to a point it can be assumed the deviation comes from
the different resolutions of each structure and not from actual differences in the residue
sequence. Therefore, the structures from Danio Rerio will be considered equivalent to the

human structure and will be used in this work as such.

2.5 Scoring Functions

For the docking calculations several scoring functions were available for study. From
Genetic Optimisation for Ligand Docking (GOLD) four functions were used, the
empirical Piecewise Linear Potential (ChemPLP), GoldScore, ChemScore and Astex
Statistical Potential (ASP). [87] From Molecular Operating Environment (MOE) the
GBVI/WSA dG was the only one selected, since it has been reported to be by far the best
scoring function present in MOE. [88] From AutoDock both functions were tested,
AutoDock 4.2 and AutoDock Vina for the enormous availability it provides being a cost-

free program.

This makes for seven scoring functions in total from three different programs. Scoring
functions can be divided into classes depending on what parameters they consider to
calculate the protein-ligand bonding energy. [89] Score functions can be physics-based if
their calculations are based in measuring the non-covalent components of the system’s
force-field such as van der Waals, electrostatic energy (H-bond contribution can be
included in electrostatic energy contributions or be a term of its own) and solvation energy
terms. From the seven soring functions to be studied, GoldScore and GBVI/WSA dG fit
in this category. [88-89]

Some scoring functions calculate several energetic factors important in the protein-ligand
binding and then rely on multiple linear regression or partial least-squares to determine
the weight of each individual parameter. Empirical scoring functions like ChemScore,
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PLP and AutoDock Vina have a scoring method in which they reward scores for protein-
ligand interactions like H-bonds and coordination with metal atoms and penalize for
frozen rotatable bonds, steric clashes and covalent bonds established between the protein
and the ligand. [88-90]

Scoring functions can also be knowledge-based and functions falling into this category,
like ASP, may differ between them in technical aspects but the principal behind them
remains the same. They sum statistical potentials between the protein and ligand. This
means they compute the occurrence frequency of a interaction between a pair of atoms
from the protein and ligand, and take it a measurement of that interaction’s contribution

to the binding mode. [88-89]

There are some functions like AutoDock 4.2. that are not categorized as any of these types
of scoring functions since they go a step further and combine multiple principles from the
previous classes and should therefore be classified as hybrid scoring functions. In the case
of AutoDock 4.2. it computes the force-field components as a physics-based function and
takes it a step ahead by applying an empirical regression to determine the weight of each

component in the overall binding in likeness of an empirical scoring function. [88-89, 91]

2.6 Docking Protocol Validation

It is of paramount importance to validate any computational method or protocol before
actually using it for the intended objective in likeness to calibrating a scale or any other
device. In this case for molecular docking there are a few topics that need to be shed light
upon before confidently applying the docking protocol for virtual screening. How many
scoring functions are available for use? Which of them will better describe the system?
On which crystallographic structure should the screening be run? This section will answer

these and other crucial questions.

[29]



2.5.1. Self-Docking

The first step is to look at the available scoring functions and establish which will be the
one that can better describe the protein-ligand interactions for the immunoproteasome.
Self-Docking consists in docking a crystallographic ligand on its native structure and
analyse if the docking and scoring procedures are able to replicate the binding mode and
ligand conformation recorded in the crystallographic structure. In order to evaluate the
similarity between the docked conformations and the crystallographic reference the root-
mean-square deviation (RMSD) is calculated. This allows for a measurement of the
average distance between the atoms and will be the main parameter for determining the

accuracy of the docking procedure. [75]

For the GOLD fitness functions most settings were kept as default, defining the centre of
the binding site on the catalytic oxygen in Thrl of the iB5 sub-unit with a 10 A radius.
The calculations were set to dock the ligands 500 times (GA runs) and save the structure
of the best 10 scoring conformations. When considering water/solvent presence in the
pocket, the water molecules were enabled to move within a radius of 1 A of their position
in the crystallographic structure if the fitness function would consider this to be optimal
for the docking procedure. Since in four of the five structures studied the reference ligand
was a covalent inhibitor, the covalent bonds between ligands and proteins were also
defined according to the GOLD User Guide. This means that in the protein input file the
bond with the link atom of the ligand is preserved and the same is done for the ligand
input. [87]

For the GBVI/WSA dG scoring function from MOE the covalent docking calculations
were set using the chemical reactions already defined. For the epoxyketone inhibitors the
ketalization reaction forming a hemi-ketal was employed and in the case of Bortezomib
the transesterification reaction was used. The docking protocol was defined to place the
ligands in 500 different poses refining the best 10 hits using the Rigid Receptor
refinement method. For the non-covalent inhibitor, the placement used was the Triangle
Matcher method (500 poses) and the refinement employed was the Rigid Receptor

method to refine the 10 best hits from the placement protocol.

Docking using AutoDock 4.2 is parameterized in a different way from the GOLD
calculations. Instead of defining an atom as the centre of a spherical search space, the

space takes a box-like shape centred in a spatial point without any need for atoms to be
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present. The search space, designated as grid box in AutoDock 4.2. is defined differently
for each molecule docked since its size and centre should be optimized to be as small as
possible and still accommodate the small molecules in the pocket. Another step required
clearing before docking is running AutoGrid to calculate grid maps for the ligand, this
will create a three-dimensional grid of regularly spaced points surrounding the grid box
defined previously. In the case of covalent docking, is necessary to set up a covalent map
which allows the scoring function to identify which protein atom is to establish covalent
bonds with the ligand, the reactive oxygen of the catalytic threonine was chosen. Once
AutoGrid has completed the creation of the grid maps everything is set to define the
docking parameters. AutoDock provides four different docking algorithms which are
employed to optimize the conformational space provided by the ligands. When using the
AutoDock 4.2 scoring function the algorithm used was Genetic Algorithm (GA), the
number of runs was set to 500 so that the calculation could be comparable to the already

defined MOE and GOLD dockings, with the remaining settings left as default.

For docking validation in HDACS, the docking parameters used were the same as for the
immunoproteasome, the sole exception was in defining the centre of the search area. For
HDACS6 the active site was defined centred on the zinc atom present int the pocket with
a radius of 10 A. Since the crystallographic structures of HDACG collected for this work
did not have covalent ligands, the search parameters used were the same as the non-

covalent immunoproteasome inhibitor Ro19.

This series of docking calculations will define which of the scoring functions being
studied can describe the crystallographic ligands’ poses with greater accuracy.
Nevertheless, more information is needed before the docking protocol can be applied to

virtual screening.

2.5.2 Cross-Docking

Having access to several crystallographic structures of the human immunoproteasome
with different crystallographic ligands raises the question “where?” regarding a docking
protocol, meaning there is a need to choose a proper structure where to run the screening.
To this end Cross-Docking will be employed. Cross-Docking assays consist on docking
crystallographic ligands on non-native crystallographic structures of the same

macromolecule. When incubating protein with ligands in order to get a crystallographic
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image, the presence of the small molecule on the active sites of the protein may change
the protein three-dimensional structure in order for the pocket to better accommodate the
ligand. This could induce some error on Self-Docking calculations and by performing
Cross-Docking it’s possible to check if the docked positions obtained from the previous

test can be replicated without pocket shape influence.

From the Self-Docking assay two fitness functions were considered equivalent on how
well they describe the interactions between the ligands and the immunoproteasome,
ChemScore and GoldScore, therefore both will be used for Cross-Docking to see which,
if any, of them stands out as more reliable fitness function to use for a docking protocol

meant for virtual screening.

When it comes to docking parameterization, the settings were the same used as the

settings for the Self-Docking assays.

2.5.3 Score vs ICso Curve

This assay will provide insight on whether the docking protocol defined by the previous
steps of validation can differentiate between ligands of higher and lower activities. For
this assay, activities (ICso) and the respective molecule structures will be taken from the
ChEMBL database. For HDACS6 the activity assay used was ChEMBL 1113906 with data
for 53 molecules and ICsp values ranging from 20 to 630 nM.

For the immunoproteasome information from several assays had to be combined since
each individual activity assay was too small (number of molecules) for a curve to be built
(5 compounds for the largest). The assays ChEMBL3266189, ChEMBL2050572.
ChEMBL3388364, ChEMBL3369588, ChEMBL3240089, ChEMBL3240088 and
ChEMBL4003677 were combined for a total of 18 compounds with values of ICso
ranging from 1.2 to 100,000 nM.

For both proteins the docking protocols established before were applied with the

databases retrieved from ChEMBL in order to plot a Score vs ICsp curve.
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2.7 Virtual Screening

For docking-based Virtual Screening the docking calculations were programmed in
similarity to the docking protocols of the validation step. The only differences were in the
setting of GA runs which were decreased from the 500 used in the validation step to 50
and the Search Efficiency parameter that was changed from 100% to the pre-set for
Virtual Screening of 30%. These parameter changes allow to run calculations on a larger

number of compounds in more time efficient way.

2.8 Interaction Analysis

In order to analyse the interactions between the crystallographic ligands or docked
compounds and the proteins the Protein-Ligand Interaction Profiler (PLIP) was used. [92]
This tool allows for interaction analysis with little to no effort since no structure
preparation is required for the input. PLIP’s input is a Protein Data Bank structure, a

protein or ligand name or any custom protein-ligand complex in PDB format file.

Table 3: Distance parameters for interaction detection by the PLIP algorithm. [92]

Variable Description Value

Maximum distance between acceptor and donor 11 A

HBOND_DIST_MAX in hydrogen bonds

Maximum distance between carbon atoms for 40 A

HYDROPH_DIST_MAX hydrophobic interaction

Maximum distance between aromatic ring centres 75 A

PISTACK_DIST_MAX )
- - for stacking

Maximum distance between charge and aromatic 6.0 A

PICATION_DIST_MAX .
- - ring centres

Maximum distance between two centres of 55 A

SALTBRIDGE_DIST_MAX i .
- - charges in salt bridges

The PLIP algorithm is able to identify or predict seven type of interactions based on
geometric parameters like distance and angle between atoms or charges. Since the

analysis of interaction on this work will be based on the nature and distance of the
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interactions, this will be the prime parameter being considered for the interaction types

detected on the crystallographic ligands and screened compounds (Table 3).
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Chapter 3: Results and Discussion
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3.1. Docking Validation: Immunoproteasome

3.1.1 Self-Docking

Starting with the analysis of the docking protocol validation. The first process was the
Self-Docking assay to ascertain which scoring function would better describe the
immunoproteasome and its crystallographic ligands and to also establish if there is any
importance to the presence of water molecules in the active pocket.

Table 4: RMSD (A) of the 5 best scoring poses of each crystallographic ligand on all the scoring functions

for study. Grey highlights RMSD values below 2.3 A. The empty cells represent a calculation not
performed.

Score Function
Top Score

Pose ASP PLP Chem Gold GBVI/ AutoDock AD
Score  Score WSA 4.2 Vina

1 6.137 0.971 0.458 1.404 5.828

2 6.177 0.993 0.986 1.375 0.040

Bortezomib 3 | g g 0957 | 1060 | 1231 | 5539

4 6.123 0.972 0.580 1.406 5.960

5 6.013 0.995 1.013 1.149 5.098
1 1.316 1.455 8.281 1.879 2.673 2.525 7.248
2 1.943 1.555 1.802 1.927 1.899 4.437 3.601
Epoxiketone 9 3 1.308 1.739 1.542 1.874 2557 4513 4.345
4 7.946 1.766 1.624 1.930 2178 4.196 7.415
5 7.899 1.375 8.160 2.061 3.169 4.156 8.914
1 1.630 2.056 8.007 1.424 12.391 6.146 2.245
. 2 1.455 6.999 2.124 1.373 4.803 4,764 1.937

Epoxiketone

14 3 1.578 2.202 1.977 1.398 5.096 7.315 5.317
4 1.917 6.730 2.069 1.736 6.638 10.069 3.794
5 1.499 2.016 1.883 1.255 7.234 10.017 4.939
1 8.124 1.353 0.956 1.310 6.476 6.834 3.104
2 8.099 1.340 1.383 1.396 6.395 2557 4.952
PR-924 3 8.129 1.059 1.047 1.438 6.207 5.487 9.675
4 8.287 1.405 1.635 1.941 6.927 12.672 5.929
5 8.313 1.481 2.469 1.014 7.684 10.716 9.642
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Table 4(continued): RMSD (A) of the 5 best scoring poses of each crystallographic ligand on all the
scoring functions for study. Grey highlights RMSD values below 2.3 A.

Score Function
Top Score
Pose ASP PLP Chem Gold GBVI/  AutoDock AD
Score  Score WSA 4.2 Vina
1 2350 | 2483 | 2.220 2.688 1.703 2.496 1.324
2 2383 | 2470 | 1.909 2.695 1.474 2.493 1.951
Ro19 3 | 1755 | 2477 | 2078 | 2832 11.050 2.493 1.999
4 2.101 | 2438 | 1.878 2.806 10.949 2.316 5.127
5 2339 | 2471 | 1.856 2.674 10.436 2.116 9.756

From the results presented on Table for the Self-Docking assays without water molecules
in the active sites, the scoring functions that stand out are ChemScore and GoldScore.
Though GoldScore showed to be ineffective in reproducing the reference pose for the
ligand R019, the same can’t be said for the remaining ligands since the deviation of the
docked poses are under the 2 A threshold (the fifth best scoring pose for the Epoxyketone9
has a deviation above 2 A, though since it is so lightly superior, it will be considered a

good representation nonetheless).

Though ChemScore was capable in reproducing the poses of Ro19, in the cases of
Epoxyketones 9 and 14 the top scoring pose presents far too high deviation (8.281 A and
8.007 A respectively) from the reference pose. Even if the best five scoring poses are
being analysed at the moment, the best scored position has additional importance since
for further validation assays and Virtual Screening only the best scoring pose is going to

be analysed.
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Table 5: RMSD (A) of the 5 best scoring poses of each crystallographic ligand on all the scoring functions
for study with water molecules left in the active pocket. Grey highlights RMSD values below 2.3 A. The
empty cells represent a calculation not performed.

Score Function
Top Score Pose | Moo Moo H20 H20 H20 H20 H20
ASP PLP Chem Gold GBVI/  AutoDock AD
Score Score WSA 4.2 Vina
1 0.862 1.280 1.237 1.321 7.387
2 0.622 1.286 0.828 1.113 5.769
Bortezomib 3 1163 | 1282 | 1359 1.066 5.680
4 1.203 1.283 0.871 1.021 2.150
5 1.157 1.283 1.195 0.767 5.614
1 1.518 1.596 2.017 1.877 3.234 10.553 3.176
. 2 1.964 1.474 1.670 1.890 3.629 3.198 2.821
Epom!;etone 3 3426 | 1555 | 1.906 1.881 4295 9.325 6.251
4 1.481 1.361 1.579 1.894 3.779 2.775 5.693
5 1.859 1.360 1.831 1.892 2.470 10.974 3.527
1 1.566 1.747 1.461 1.672 8.275 4.841 2.225
. 2 1.295 1.677 1.778 1.672 6.235 5.475 5.507
Epoxiketone
14 3 1.595 1.623 2.014 1.640 2.710 9.865 8.650
4 1.294 2.361 1.521 1.152 6.435 10.483 5.300
5 0.922 1.704 1.585 1.284 5.216 10.086 6.960
1 8.129 1.348 0.772 1.430 1.800 2421 3.114
2 1.362 1.330 2.621 1.347 3.965 3.112 4.965
PR-924 3 8.426 1.406 1.430 1.319 4.226 6.363 10.092
4 1.851 0.932 0.863 1.301 2.259 3.599 5.951
5 1.915 1.364 1.808 1.318 5.227 3.354 5.966

From the results presented in Table 5 it will be possible to understand the importance of
the water molecules for the representation of the crystallographic poses in the Self-

Docking assay.

The main difference brought by the presence of the water molecules in the active pocket
lies in the representation of Epoxyketoneld. The position and quantity of solvent
molecules vary from one crystallographic structure to another (the crystallographic
structure 5M2B, with Ro19 as the ligand, presents no water molecules near the active site
and that’s why its missing from Table 5) and as such it stands to reason that it may have

some effect on the pose taken by the reference ligand.

The presence of water molecules allows for the most of the crystallographic poses to be

better replicated by all scoring functions from GOLD with greatly increased accuracy by
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the ASP scoring function. PLP and ChemScore have also improved in Epoxyketonel4
pose replication, again establishing the effect the water molecules have on the docked
positions. On another note the GoldScore function results were not affected by the
presence of water molecules in the active site, which means that GoldScore is able to
replicate the reference poses without the need of water molecules working somewhat like

a “crutch”.

All in all, from the docking assay the scoring functions that stand out from the seven
studied are GoldScore and ChemScore. GoldScore has shown to be able to replicate
ligand poses in four out of five crystallographic structures with little deviation.
ChemScore though presenting some difficulty in reproducing the reference pose in its
best scoring position in two structures, was able to produce decent poses in the complex

where GoldScore fails to do so.

3.1.2 Cross-Docking

The Cross-Docking assay allows to determine on which crystallographic structure the
docking-based Virtual Screening should be done. When considering that the protein may
undergo structural change during the process of X-ray crystallography due to the presence
of ligands and solvent, this assay can help determine which protein structure can

reproduce the crystallographic poses of the ligands best.

During the Self-Docking assay two scoring functions (ChemScore and GoldScore) were
considered noteworthy and so, this assay will also serve the purpose of deciding on which

of these two functions should be used for the Virtual Screening.
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Table 6: Cross-Docking with the ChemScore function. A table presenting the RMSD (A) of the best scoring
pose of each ligand on each crystallographic structure. Grey highlights RMSD values below 2.3 A; numbers
in bold are used for RMSD values from the Self-Docking assay.

ChemScore
Protein Crystallographic Ligand
PI%B Bortezomib  Epoxiketone9 Epoxiketonel4 PR-924 Ro19
5L5F 0.458 1.563 5.387 0.855 3.573
5L5I 1.239 8.281 5.401 0.846 1.897
5L5J 1.126 1.640 8.007 8.686 1.855
5L5H 1.131 1.594 5.018 0.956 1.514
5M2B 6.241 2.180 5.166 1.628 2.220

The ideal result in this assay is a crystallographic structure that can replicate reference
poses with a RMSD lower than 2 A on the best scoring position. When analysing the
deviations in Table the ligand Epoxyketoneld stands out has being particularly
complicated to reproduce its reference pose since in all structures the deviation is far
greater than the 2 A threshold. That said, with the ChemScore function two structures
(5L5I and 5L5H) can be considered optimal due to only failing to replicate the

troublesome Epoxyketonel4.
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Figure 23: Structure of crystallographic ligand Epoxyketonel4. [93] The red highlight represents two
bonds important for discussion.
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Figure 24: Epoxyketonel4 in 5L5I for Cross-Docking (red) and Epoxyketonel4 reference pose (green).

The difficulty in reproducing the reference pose of Epoxyketonel4 lies in the two
highlighted bonds on Figure 23. Single bonds are free to rotate and if the active pocket
allows for the molecule to fit in different areas (Figure 24), the docking protocol is likely
to fit them in several ways and then rank them according to the scoring function. In the
case of the ChemScore function, there appears to be no reason for the docked pose to
have a lower score, since the different position does not create any new “penalizing”

occurrence for ChemScore, like new covalent bonds between ligand and protein.

Table 7: RMSD (A) of the best scoring pose of each ligand on each crystallographic structure. Grey
highlights RMSD values below 2.3 A; numbers in bold are used for RMSD values from the Self-Docking
assay.

GoldScore
Protein Crystallographic Ligand
PIDDB Bortezomib  Epoxiketone9 Epoxiketonel4 PR-924  Ro19
5L5F 1.404 1.747 4,935 1.472 1.345
5L5I 1.499 1.879 5111 1.336 2.229
5L5J 1.074 1.528 1.424 1.852 2.188
5L5H 1.470 1.914 5.108 1.310 2.019
5M2B 3.710 1.678 6.030 1.451 2.688

Unlike what could be observed in the results obtained with ChemScore, with GoldScore
there is a structure where all the crystallographic ligands were able to have their reference

poses replicated with an acceptable level of deviation.
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Figure 25: Structure of crystallographic ligand Ro19. [94]

Figure 26: Ro19 in 5L5J for Cross-Docking (red) and Ro19 reference pose (green).

Though the inhibitor Ro19 (Figure 25) had its pose replicated with a deviation surpassing
the 2 A threshold (2.188 A) it is noteworthy that it was not by a large margin. Besides
that, when comparing the best scored position of Ro19 with the crystallographic position,
it becomes clear that most atoms are somewhat deviated from the reference pose and apart
from the carboxyl moiety that are facing opposite directions, each part of the docked
molecule occupies the same section of the pocket as the reference pose, as shown in
Figure 26.

From the Cross-Docking assay it can be concluded that the most appropriate scoring
function for using in a docking-based Virtual Screening is GoldScore and the better
structure where to run it is 5L5J.
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3.1.3 Score vs ICsg

This assay allows to determine if the scoring function is able to distinguish inhibitors of
the immunoproteasome based on their activity. The ideal correlation is for the higher the
score given by the scoring function to correspond to the lowest value of 1Cso. The
molecules used and their respective values of 1Cso were obtained from the ChEMBL
database. The scores were plotted against the values of In(ICsp) in order to better get a

linear correlation between the data sets.

5L5J Score vs In(IC,)
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Figure 27: Scatter-plot of Score vs In(ICs) from inhibitors and activities from ChEMBL.

Looking at the Score vs In(ICso) plot, the first thing noticeable is that the prefered
correlation type between docking score and activity has been verified. The tendency line
equation translates this to the negative value of the x multiplying factor (-0.0837). Though
some of the data points may not follow the tendency line equation (R? = 0.63), there are
clear point agglomerates of lower score and higher In(ICso) and higher score and lower
In(ICs0). These point agglomerates lead to the conclusion that even if the correlation
between docking score and activity is not precisely described by the linear regression
obtained, the docking scores are able to differentiate between low and high activity

inhibitors.
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3.2. Docking Validation: HDAC6

3.2.1 Self-Docking

In likeness to the previous section, the first step in establishing validated docking protocol
for the HDACSG6 will be to determine which of the scoring functions will best describe the

crystallographic pose.

Table 8: RMSD (A) of the 5 best scoring poses on all the scoring functions for study on Human HDAC6
structure (SEDU) without water molecules considered. Grey highlights a deviation under 2.3 A.

Top Score Function
SF?(;)SZG ASP PLP ChemScore  GoldScore (\3/\%/ AI\/ AUtXIEZ)OCk \'/Ai\r?a
1 5.638 1.373 5.509 6.099 1.603 2.848 2.757
2 6.291 1.184 5.558 6.097 2.105 2.078 2.690
3 6.238 1.187 3.301 5.563 1.516 1.923 2.102
4 5.668 1.211 3.141 6.081 1.394 2.032 0.983
5 5.581 1.149 5.355 5.727 3.549 3.594 3.029

The results of this assay are a perfect example of the reason why docking validation needs
to be done on every different structure. The self-docking assay on the immunoproteasome
distinguished the ChemScore and GoldScore functions from the seven functions in study.
When repeating the assay for HDACG6 the scoring function which stands out is PLP.
Though GBVI/WSA replicated the reference pose of Trichostatin A to an acceptable
degree, unlike the immunoproteasome crystallographic ligands, the deviation of the PLP

docked poses as undeniably lower.

[44]



Table 9: RMSD (A) of the 5 best scoring poses on all the scoring functions for study with water molecules
left in the active pocket. Gray highlights RMSD values below 2.3 A.

Score Function

Top
Score  H20  H20 H20 H20  H20 GBVI/ Au'jozt)%ck oo
Pose ASP PLP  ChemScore GoldScore WSA .

4.2 Vina

1 5.649 2.939 1.814 6.070 1.636 2.649 2.735

2 5.604 1.531 5.663 6.070 3.609 3.317 2.177

3 6.163 1.422 2.992 5.594 1.026 2.026 2.162

4 5.738 0.856 5.755 6.040 1.168 2.380 1.848

5 5.543 1.463 3.056 6.066 2.568 1.665 3.150

Analysing the self-docking with the water molecules on the active pocket, PLP failed to

replicate the reference pose on its best scoring position while ChemScore’s deviation for

the best scoring pose is under the 2 A threshold.

Figure 28: Trichostatin A pose in HDACS active site. A) view from outside the oxanion hole; B) view of
the inside of the oxanion hole. The yellow molecule is the reference position and the green molecule is

the best scoring position by PLP with water in the active site.

Despite the best scored position deviation in the presence of water molecules, PLP is still

the most accurate of the seven scoring functions on this assay, with GBVI/WSA as the

runner-up. Though the deviation of the top scoring position to the reference ligand pose

is above the 2 A threshold, the poses are not very different from one another (Figure 28).

For the aromatic moiety of Trichostatin A, the PLP docked pose is not overlapped with

the crystallographic pose, nevertheless they are not very far from each other.
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The inside of the oxanion hole shows that though the zinc-binding hydroxamic moiety is
facing the same way in both poses, suggesting that the docked position would still be able
to coordinate to the zinc cation in the same manner than the crystallographic pose. This
stands to support PLP as the scoring function that best describes the HDAC6-Trichostatin
A complex and why that is the scoring function to be used when using molecular docking
on the HDACSG.

Table 10: RMSD (A) of the 5 best scoring poses on all scoring functions from GOLD on Danio Rerio
structures.

Score Function

Top5 Poses ASP PLP  ChemScore GoldScore

1 3.700 7.694 6.205 3.793

2 3.970 6.466 6.242 3.825

Acy-1083 3 3.780 7.491 6.304 3.779
4 3.977 7.508 6.187 3.791

5 3.602 7.481 6.300 3.703

1 4,955 3.276 8.418 8.052

2 4,051 4971 8.353 7.999

Vorinostat 3 4.758 3.209 8.491 7.979
4 4.802 4.898 8.033 7.977

5 2.597 3.391 8.337 8.018

1 7.808 7.591 9.772 10.511

2 7.793 8.507 9.319 7.988

Ricolinostat 3 7.453 7.332 9.244 6.948
4 8.369 7.080 9.099 7.457

5 7.767 7.516 9.817 7.706

1 5.857 5.5623 5.665 7.836

2 6.064 5.536 8.838 7.979

55208 3 5.788 5.536 5.330 8.007

4 6.120 5.476 5.670 8.096

5 5.810 5.517 5.684 8.144

As established before, Danio Rerio HDACG6 shares high homology with its Human
counterpart and so some crystallographic structures from the zebrafish will be used as
“proxies” of sorts for a largest pool of crystallographic information. The Self-Docking
calculations were firstly done on the GOLD scoring functions since it has been shown
that these four functions were better suited for replicating the crystallographic poses for

Immunoproteasome and Human HDACSG ligands.
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As seen in Table , neither of the scoring functions was able to even remotely replicate the
reference pose from the crystallographic structure. This could be due to the HDAC6
pocket being wide with a considerable amount of water molecules that could be stabilising

the reference pose.

Table 11: RMSD (A) of the 5 best scoring poses on all scoring functions from GOLD on Danio Rerio
structures with water molecules on the pocket. Grey highlights RMSD values lower than 2.3 A.

Score Function

Top5

Score H20 H20 H20 H20
ASP PLP  ChemScore GoldScore
1 3.782 7.471 6.231 4,148
2 4,094 7.456 6.395 4.094
Acy-1083 3 3.573 7.387 6.527 4,021
4 3.715 7.319 6.208 3.998
5 3.527 7.340 6.228 4,148
1 5.003 4978 7.965 8.004
2 4,991 5.051 8.072 8.001
Vorinostat 3 4,776 4,964 8.006 8.043
4 4,804 4,934 8.077 8.001
5 4811 4,823 8.165 8.021
1 7.879 3.775 9.679 7.708
2 7.536 8.096 9.488 7.795
Ricolinostat 3 7.625 7.864 9.431 8.089
4 7.911 10.453 9.861 8.329
5 8.242 9.888 9.729 7.840
1 5.964 5.100 7.818 7.973
2 5.955 1.232 2.186 7.988
SS208 3 5.788 5.139 2.194 7.929
4 5.793 2.086 7.666 7.998
5 5.767 2.191 7.600 8.021

In the case of crystallographic inhibitor SS208 the presence of solvent molecules in the
pocket had some effect as seen in Table , seen as for the PLP and ChemScore functions,
3 out of the 5 best scored poses had acceptable deviation from the reference pose. For
these calculations with water molecules in the pocket not all water molecules were kept,
the molecules interacting with the crystallographic ligand or that were the closest were
the ones left for the docking calculations, and all preserved waters were allowed some

flexibility of movement. This leads to the conclusion that not only is the presence of water
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molecules in the pocket that help the ligand take the crystallographic pose but the amount

of water molecules as well that allowed for the crystallographic ligand to take its pose.

3.2.2 Cross-Docking

Since Self-Docking with the structures from Danio Rerio was improper for validation of
the docking protocol with Cross-Docking was different. The crystallographic ligands
from the Danio Rerio structures were docked on the Human HDACSG to see if it’s possible
to replicate the reference poses on the Human macromolecule using ChemPLP, the

scoring function used

Table 3: RMSD (A) of the best five scoring poses of Danio Rerio crystallographic ligands on Human
HDACS6 (5EDU) crystallographic structure without water molecules considered.

PDBID- Top5 RMSD PDBID- Top5 RMSD
Ligand  poses  (A) Ligand  poses (A)
1 5.022 1 5.721
2 27 2 61
SEEI - 3 2 032 OROK - 3 g 252
Vorinostat ' SS208 '
4 5.362 4 5.500
5 5.158 5 5.300
1 8.748 1 4.070
22 4.044
5WGL - 2 3172 5WGM - 2 3886
Ricolinostat 3 ' ACY-1083 3 '
4 9.142 4 3.974
5 9.176 5 3.899

From the results presented in Table 3 what can be seen is that even in the Human HDAC6
the crystallographic poses from Danio Rerio structures were not replicated. This leads to
the conclusion that the macromolecule itself is not the reason for the deviations observed
but the reason lies in the presence and amount of water molecules in the pocket.

As a result, from these validation steps, the docking protocol to be applied with Human
HDACSG6 should be on the 5SEDU-Trichostatin A structure and run on ChemPLP scoring

function.
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3.2.3 Score vs ICsp

The same analysis must be done for the HDAC6 as was done with the
immunoproteasome. Since the best scoring function has been determined, it must be
tested with reference inhibitors of the human HDACSG to see if it can distinguish between

inhibitors with higher or lower activity through higher or lower scoring.

Score vs In(IC;,)
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Figure 29: Scatter-plot of Score vs In(ICs) from inhibitors and activities from ChEMBL1113906.

Unlike with the immunoproteasome, the plot for score vs ICso as presented in Figure 29
doesn't show agglomerates of data points. This can be the result of the array of registered
activities being smaller for the HDAC6 (20-630 nM) than for the immunoproteasome (59-
22.000 nM).

That said, the docking protocol was still able to wield the same sort of relation between
score and I1Cso (lower 1Csp corresponding to higher value of score) shown through
the x multiplying factor (-0.17). The linear trendline equation describes the data
set to the same degree as with the immunoproteasome (R? = 0.617) leading to the
conclusion that this docking protocol is able to describe the HDACG6-Inhibitors

system to an agreeable degree and will therefore be used for Virtual Screening.
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3.3. Virtual Screening

Since docking protocols have been established for the Immunoproteasome and HDACS,
Virtual Screening of a compound database can be done on both targets. The DrugBank

approved molecule database was used for this purpose.

DrugBank Approved
(2103 molecules)

|

Virtual Screening Virtual Screening
Immunoproteasome HDACo6

Best 200 Scoring Best 200 Scoring
Molecules Molecules

71 Molecules In
Common

Figure 30: Virtual Screening analysis workflow.

A docking-based Virtual Screening was run on both therapeutic targets according to the
docking protocols established during the validation process. The 200 best scoring
molecules on each protein were selected with scores ranging from 116.46 to 78.56 for the
immunoproteasome and 128.30 to 79.83 for HDACG6. Before analysing the interactions
between the screened molecules to better ascertain their possible inhibitory abilities, the
200 best scoring lists were checked for molecules in common between them and 71 were
found. Since the purpose of this work is to investigate the possibility of dual inhibition of
immunoproteasome and HDACG6, compounds with a high score on both proteins are of
great interest.
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Figure 31: Ligand-Protein Interaction workflow.

Before jumping into analysis of the screened compounds, the crystallographic ligands

need to be investigated to see which interactions may be of greater importance for

inhibition. The 10 crystallographic structures used in this work were analysed and

interactions with any residue seen in 8 out of the 10 reference ligands was deemed

important to analyse the screening results. 7 residues in each protein were found

according to these parameters. Of the 71 screened molecules that were common in the
best 200 scores of both screenings, 15 molecules were found that established interactions
with 5 out of the 7 main residues for immunoproteasome and for HDACG6. On those 15

compound lists, 4 were common between them.

\)L
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Figure 32: Structure of DB00106 (Abarelix). [95]




Compound DB00106 is Abarelix, sold under the name Plenaxis™ in Germany and the
Netherlands is a gonadotropin-releasing hormone antagonist and is primarily used in
oncology as it reduces the levels of testosterone produced in patients with advanced
prostate cancer. Abarelix was discontinued from the United States market due to being a

commercial let-down with high incidence of allergic reactions. [96]
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Figure 33: Structure of DB00503 (Ritonavir). [97]

Compound DB00503 is Ritonavir, sold under the name Norvir™, is an HIV protease
inhibitor that modulates the reproductive cycle of HIV. Though firstly it was designed as
an independent antiviral, its more commonly used as a booster of other protease
inhibitors. It has also been reported that even though Ritonavir is not active against the
Hepatitis C virus (HCV) is used in combination with HCV antivirals since it is also a

CYP3A inhibitor, increasing plasma drug concentration. [97-98]

Figure 34: Structure of DB00770 (Alprostadil). [99]
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Compound DB00770 is Alprostadil, a vasodilator used in palliative therapy increasing
pulmonary blood flow in infants until surgery can be performed in neonates with
congenital heart defects. In adults is used for the treatment of erectile dysfunction. [99-
100]

Figure 35: Structure of DB09297 (Paritaprevir). [101]

Compound DB09207 is Paritaprevir, a component of the drug cocktail sold as Viekirax™
in Europe for the treatment of HCV. Paritaprevir is a viral protease inhibitor that targets
the viral Nonstructural Protein 3 and its activating cofactor Nonstructural Protein 4A
(NS3/NS4A). By inhibiting these targets, Paritaprevir hinders the viral protease function
of generating non-structural proteins required for virus maturation and therefore, prevents

viral replication and function. [101-102]
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3.3.1 Crystallographic Interactions

Interactions of crystallographic complexes
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Figure 36: Heatmap representing all interactions of crystallographic ligands with Immunoproteasome's
B5 sub-unit. Green is used to mark the interactions established between the protein and the ligands.

Through Figure 36 is simple so see which residue interactions are more recurrent in
immunoproteasome B5 crystallographic structures. The residues that stand out the most are
ALA49, GLY47, LYS33, MET45. SER21 and VAL3L1 since at least 8 out of the 10 interact with
these residues. The catalytic THR1 will also be considered a residue to consider important despite
only half of the reference ligands establishing interactions with this residue. This can be justified
due to most of these ligands (only exception is Ro19) are covalent ligands and therefore are bound
to the catalytic residue and covalent bonds are not picked up as interactions by the PLIP algorithm

at its current version.
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Interactions of crystallographic complexes
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Figure 37: Heatmap representing all interactions of crystallographic ligands with HDAC6. Green is used
to mark the interactions established between the protein and the ligands.

Analysing Figure 37 allows to easily identify which residues are most important in
HDACSG inhibition. The residues that stand out are LEU749, PHE620 and PHEG680 since
at least 9 out of the 10 crystallographic ligands are shown to interact with them. Zn-
dependant HDACs exert their catalytic activity through a pair of HIS residues that
promote the de-acetylation of acetyllysine groups inside their pocket (shown previously
in Figure 15). For this reason, the residue pair HIS610 and HIS611 will also be considered
important for analysis of docked molecules. Though HIS652 is not present in the
crystallographic interactions, its neighbour HIS651 is, and so, these two residues will be
useful for analysing the results of the virtual screening. An interaction that would be of
interest to analyse is with the Zn cation in HDACG, however this was not possible since
metal coordination, like covalent bonds, is not parameterized in the PLIP algorithm and
therefore the Zn atom was listed as a ligand and the only interactions registered were

between the metal atom and the protein.
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3.3.2 Screened Compound Interactions: Immunoproteasome

Since the most recurring residue interactions in the crystallographic ligands have been
established, a comparison between them and the screened compounds is now possible.
The four compounds that exhibited interactions with most of the important residues in
both proteins are the DrugBank entries DB00106 (Abarelix), DB00503 (Ritonavir),
DB00770 (Alprostadil) and DB09297 (Paritaprevir).

Interactions of DB00106 on IP

hbonds_pdon

w
@
o
=
c
.2 hydrophobic_contacts
o
2
£
pication_laro 5.083
ALA49K GLY47K LYS33K SER21K VAL31K
Residues

Figure 38: Heatmap representing the important interactions of DBO00106 (Abarelix) with
immunoproteasome. Green is used to mark the interactions established between the protein and the ligands.
The numbers are the distance between the atoms interacting and a colour gradient is used to represent the
different values of distance (the shorter the interaction the stronger it will be and darker the colour).

Analysing the heatmap presented in Figure 38 with the heatmaps representing the
crystallographic ligand’s interaction with the immunoproteasome in Anex I what can be
established is that the H-bonds between the ligand and residues GLY47 and SER21 are
of similar distance as the reference interactions of the same type and with the same
residues. Though reference ligands all show a pair of H-bonds with these residues (protein
donating H and the ligand donating the H) DB00106 only establishes one interaction with
the protein being the H donor. The m-cation interaction with LYS33 is not in the list of
reference interactions, the crystallographic interactions mainly interact with LYS33

through hydrophobic contacts.
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Figure 39: DB00106 (Abarelix) in immunoproteasome B5 pocket. The orange section of the pocket is the
B5 sub-unit; the purple region is the B6 sub-unit; the yellow residue in the B5 is the catalytic threonine
residue.

Interactions of DB00106 on IP
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Figure 40: Heatmap representing all interactions of DB00106 (Abarelix) with immunoproteasome. Green
is used to mark the interactions established between the protein and the ligands. The numbers are the
distance between the atoms interacting and a colour gradient is used to represent the different values of
distance (the shorter the interaction the stronger it will be and darker the colour).

When seeing DB00106 in the immunoproteasome B5 pocket (Figure 39) its easy to see
that the molecule occupies a large portion of the actvive site encompassing both sub-units.
In order to provide some context to the interactions established with the important
residues, all the interactions between DB00106 and the immunoproteasome (Figure 40)

are being analysed.

DB00106 being a large molecule (molecular weight =1416.09 g-mol™) is expected to fill
up the active site and interact with a plethora of residues, this does not necessarily mean
that it will be a proper immunoproteasome inhibitor. On the docking-based Virtual
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Screening Abarelix had a score of 89.01 and consequently a ligand efficency of 0.88
which in turn mean the high score is due to its size and sheer number of interactions with
the protein. Figure 40 allows to see all the interactions between DB00106 and the
immunoproteasome and the major difference between the screened compound and the
reference is the number of interactions. DB00106 interacts with 17 residues for a total of
18 interactions established with B5 and 6 sub-units of the immunoproteasome as for the
reference ligand with the most interactions (Epoxyketonel4) establishes 14 interactions

over 10 residues.

Interactions of DBQ0503 on IP
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Figure 41: Heatmap representing the important interactions of DB00503 (Ritonavir) with
immunoproteasome. Green is used to mark the interactions established between the protein and the ligand.
The numbers are the distance between the atoms interacting and a colour gradient is used to represent the
different values of distance (the shorter the interaction the stronger it will be and darker the colour).

The interactions established by DB00503 (Ritonavir) with the focal residues in
immunoproteasome B5 sub-unit inhibition are very similar to the crystallographic
interactions. Firstly, the H-bond with ALA49 is shorter with DB00503 than with the
crystallographic residues. On another note, the H-bond with SER21 though longer than
in most reference ligands, is similar to Carfilzomib’s, the longest of the reference ligands.
The H-bond with GLY47 is longer than the reference interactions of the same type with
the same residue. The n-cation interaction with LYS33K is not registered in the data from
the crystallographic ligands and despite the possible importance of this interaction for
inhibition, an additional interaction likely to help stabilise and strengthen the hydrophobic
interactions with LY S33.
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Figure 42: DB00503 (Ritonavir) in immunoproteasome 5 pocket. The orange section of the pocket is the
5 sub-unit; the purple region is the p6 sub-unit; the yellow residue in the B5 is the catalytic threonine

residue.
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Figure 43: Heatmap representing all interactions of DB00503 (Ritonavir) with immunoproteasome. Green
is used to mark the interactions established between the protein and the ligands. The numbers are the
distance between the atoms interacting and a colour gradient is used to represent the different values of
distance (the shorter the interaction the stronger it will be and darker the colour).

From Figure 42 what can be seen is that, unlike DB00106 above, DB00503 does not

occupy a large portion of the solvent accessible area of the active site. On the virtual

screening DB00503 had a score of 93.50 with a ligand efficiency of 1.87 which verifies

that DB00503 is a more efficient ligand than DB00106 for the immunoproteasome.

Consequently, the number of residues it interacts with is much closer to the

crystallographic ligands since DB00503 interacts with 11 residues for a total of 13

interactions.
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Interactions of DB0O0770 on IP
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Figure 44: Heatmap representing the important interactions of DBO00770 (Alprostadil) with
immunoproteasome. Green is used to mark the interactions established between the protein and the ligand.
The numbers are the distance between the atoms interacting and a colour gradient is used to represent the
different values of distance (the shorter the interaction the stronger it will be and darker the colour).

DB00770 is shown in Figure 44 to interact with the catalytic THR1 through a H-bond
with shorter distance than reference ligands that interact with this residue through the
same interaction type (Epooxyketone9, Epoxyketonel6, Epoxyketonel8 and Ro19). The
H-bond with SER21 is shorter for DB00770 than for the crystallographic ligands,
however reference ligands interacting with this residue do it with two H-bonds (protein
donating H and the ligand donating the H) and DB00770 is only interacts by being the H-
donor. Two other interactions that may be relevant for inhibition are the H-bond with
META45 and salt bridge with LY S33 since neither is present in reference interactions. This
could be importance since additional interactions could help stabilise the hydrophobic

interactions with the residues.

Figure 45: DB00770 (Alprostadil) in immunoproteasome B5 pocket. The orange section of the pocket is
the B5 sub-unit; the purple region is the p6 sub-unit; the yellow residue in the B5 is the catalytic threonine
residue.
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Interactions of DB0O0770 on IP
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Figure 46: Heatmap representing all the interactions of DB00770 (Alprostadil) with immunoproteasome.
Green is used to mark the interactions established between the protein and the ligand. The numbers are the
distance between the atoms interacting and a colour gradient is used to represent the different values of
distance (the shorter the interaction the stronger it will be and darker the colour).

DBO00770 (Alprostadil) is seen in Figure 44 to be completely out of the solvent accessible
area of the active pocket and in the Virtual Screening it scored 78.15 with a Ligand
Efficiency of 3.15. In accordance with its Ligand Efficiency, DB00770 shows an overall
interaction profile similar in number of interactions with the larger crystallographic
ligands interacting with 11 residues for a total of 13 interactions.
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Figure 47: Heatmap representing the important interactions of DB09297 (Paritaprevir) with
immunoproteasome. Green is used to mark the interactions established between the protein and the ligand.
The numbers are the distance between the atoms interacting and a colour gradient is used to represent the
different values of distance (the shorter the interaction the stronger it will be and darker the colour).

Noteworthy in DB09297’s (Paritaprevir) interactions with the most important residues
are the interactions with GLY47. Unlike the other screened compounds DB09297 is able

to interact with GLY47 with a pair of H-bonds and when Paritaprevir is the H donor the
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interaction is considerably shorter than the one established by the reference ligands. On
another note, alike the other screened compounds, interacting with SER21 only one H-
bond is seen while reference ligands do so with a pair of H-bonds and DB09297°s H-bond

with SER21 is similar to Carfilzomib’s interaction in distance.

Figure 48: DB09297 (Paritaprevir) in immunoproteasome 5 pocket. The orange section of the pocket is
the B5 sub-unit; the purple region is the 6 sub-unit; the yellow residue in the B5 is the catalytic threonine
residue.
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Figure 49: Heatmap representing all the interactions of DB09297 (Paritaprevir) with immunoproteasome.
Green is used to mark the interactions established between the protein and the ligand. The numbers are the
distance between the atoms interacting and a colour gradient is used to represent the different values of
distance (the shorter the interaction the stronger it will be and darker the colour).

Through Figure 48 is seen that DB09297 is inside the pocket in a way so that it’s not
covering a large section of the solvent accessible portion of the pocket. In the Virtual
Screening on the immunoproteasome DB09297 scored 99.32 with a Ligand Efficiency of
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1.32. Though not the highest value of Ligand Efficiency among the four ligands analysed,
it is the highest scoring for the immunoproteasome of the four. The complete interaction
profile is similar in dimension to the most interactive reference ligands since DB09297

interacts with 11 residues for a total of 12 interactions.

3.3.3 Screened Compound Interactions: HDAC6

Interactions of DB00106 on HDACG
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Interaction types
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Figure 50: Heatmap representing the important interactions of DB00106 (Abarelix) with HDACG6. Green is
used to mark the interactions established between the protein and the ligand. The numbers are the distance
between the atoms interacting and a colour gradient is used to represent the different values of distance (the
shorter the interaction the stronger it will be and darker the colour).

Analysing the residues whose interactions were considered crucial for HDACS inhibition,
DBO00106 is able to have a shorter hydrophobic contact with LEU749 than any of the
reference ligands (crystallographic ligands’ interactions in Anex II). The H-bond with
HIS651 is similar in distance with Trichostatin A’s interaction of the same type. The n
stacking interaction with PHE620 is longer than in most crystallographic residues that do
this interaction (Acy-1083, DDK-122. RTS-V5 and SS208) but is not much different from
Bavarostat’s distance (3.930 A) meaning it can still be considered similar to the data from
the reference ligands. The © stacking with HIS651 is only seen in one of the reference

ligands and is of similar distance to Bavarostat’s interaction.
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Figure 51: DB00106 (Abarelix) in HDACG6 pocket. Green is the pocket of HDACS; the red sphere inside
the protein is the zinc atom in the active pocket.

Interactions of DB00106 on HDACG6
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Figure 52: Heatmap representing all the interactions of DB00106 (Abarelix) with HDACS6. Green is used
to mark the interactions established between the protein and the ligand. The numbers are the distance
between the atoms interacting and a colour gradient is used to represent the different values of distance (the
shorter the interaction the stronger it will be and darker the colour).

In Figure 51 DB00106 is shown to once again occupy a large solvent accessible area of
the active site, though it is expected in the case of HDAC6’s pocket with its tunnelling
shape. In the Virtual Screening on HDAC6 DB00106 scored 92.49 with a Ligand
Efficiency of 0.92. DB00106’s interaction profile with HDAC6 is larger than any
crystallographic ligands since it interacts with eleven residues while Vorinostat

(crystallographic ligand interacting with the most residues) interacts with ten.
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Interactions of DB00503 on HDACG6

hbonds_pdon
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Figure 53: Heatmap representing the important interactions of DB00503 (Ritonavir) with HDAC6. Green
is used to mark the interactions established between the protein and the ligand. The numbers are the distance
between the atoms interacting and a colour gradient is used to represent the different values of distance (the
shorter the interaction the stronger it will be and darker the colour).

Noteworthy among the interactions between DB00503 and HDACS6 are the two different
interactions with HIS611. Vorinostat is the only reference ligand establishing H-bonds
with HIS611 and the protein being the H donor and does so with a shorter distance. From
the reference ligands none interacts with HIS611 through = stacking, however Bavarostat
interacts with HIS651 through n stacking with a similar distance to the interaction

between the screened compound and HIS611.

Figure 54: DB00503 (Ritonavir) in HDACG6 pocket. Green is the pocket of HDACS; the red sphere inside
the protein is the zinc atom in the active pocket.
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Interactions of DBO0503 on HDAC6
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Figure 55: Heatmap representing all interactions of DB00503 (Ritonavir) with HDACG6. Green is used to
mark the interactions established between the protein and the ligand. The numbers are the distance between
the atoms interacting and a colour gradient is used to represent the different values of distance (the shorter
the interaction the stronger it will be and darker the colour).

In Figure 54 is possible to see how DB00503 fits the pocket of HDACS, as expected
though a part is inside the “tunnel” part of the pocket, most of the molecule is in the
solvent accessible section. In the Virtual Screening DB00503 scored 93.91 with a Ligand
Efficiency of 1.88. Most interactions between DB00503 and HDACG6 are with residues
that were considered paramount for HDAC inhibition with the exception of the
hydrophobic contacts established with HIS499.

Interactions of DB00770 on HDACG
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Figure 56: Heatmap representing the important interactions of DB00770 (Alprostadil) with HDAC6. Green
is used to mark the interactions established between the protein and the ligand. The numbers are the distance
between the atoms interacting and a colour gradient is used to represent the different values of distance (the
shorter the interaction the stronger it will be and darker the colour).

DBO00770 interacts with HDACS in a unique way through three salt bridge interactions as
the aniotic component of the interaction with HIS610, HIS611 and HIS651. Though these

interactions are not seen in the reference ligands interaction profiles, salt bridge
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interactions have two components to them, electrostatic interaction between acidic and
basic groups and a H-bond. The PLIP algorithm differentiates H-bonds form salt bridges
through two parameters: H-bond minimal angle (no angle between charge centres in salt
bridge is required) and atom distance. For an interaction to be considered an H-bond the
H donor and receptor need to be at a maximum distance of 4.1 A as for salt bridge
interactions, the maximum distance between the charge centres is 5.5 A. In short, a salt
bridge predicted by the PLIP algorithm has the potential to be an H-bond if the ligand is
closer to the residue in question as long as the angle between the “would be” H donor and

receptor is acceptable (minimum 100°).

Figure 57: DB00770 (Alprostadil) in HDACG6 pocket. Green is the pocket of HDACS; the red sphere
inside the protein is the zinc atom in the active pocket.
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Figure 58: Heatmap representing all interactions of DB00770 (Alprostadil) with HDACG. Green is used
to mark the interactions established between the protein and the ligand. The numbers are the distance
between the atoms interacting and a colour gradient is used to represent the different values of distance
(the shorter the interaction the stronger it will be and darker the colour).
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Through the complete interaction profile of DB00770 (Figure 58) is shown that two
additional interactions are established with HDACG6 besides the ones more common
among reference ligands. These H-bond interactions are understandable when analysing
Figure 57 where it can be seen that DB00770 has two -OH groups in the solvent accessible

region of the pocket.

Interactions of DB09297 on HDACG6
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Figure 59: Heatmap representing the important interactions of DB009297 (Paritaprevir) with HDACS.
Green is used to mark the interactions established between the protein and the ligand. The numbers are the
distance between the atoms interacting and a colour gradient is used to represent the different values of
distance (the shorter the interaction the stronger it will be and darker the colour).

Analysing the interactions established by DB09297 with the residues considered central
for HDACS inhibition the major differences are the m stacking interaction with PHE620
and the H-bonds with HIS611 and HIS651. The & stacking is longer than reference
interactions of the same type with the same residue. As for the H-bonds, Vorinostat is the
only crystallographic ligand interacting with HIS611 through H-bond as an H receptor
and the interactions is shorter than the one established by DB09297. Regarding the H-
bond with HIS651, the only reference ligand where this interaction is found is with
Trichostatin A and the distance is similar between the crysllographic ligand and
DB09297.
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Figure 60: DB09297 (Paritaprevir) in HDACG6 pocket. Green is the pocket of HDACS; the red sphere
inside the protein is the zinc atom in the active pocket.
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Figure 61: Heatmap representing all interactions of DB009297 (Paritaprevir) with HDACG6. Green is used
to mark the interactions established between the protein and the ligand. The numbers are the distance
between the atoms interacting and a colour gradient is used to represent the different values of distance (the
shorter the interaction the stronger it will be and darker the colour).

DB09297’s interaction profile with HDAC6 doesn’t suffer much difference from the
“important residue” version to the entirety of its interactions. Only an interaction with
one residue is added, the hydrophobic contacts with PHE679 with a distance similar to
the hydrophobic contacts established with the neighbouring PHE680. DB09297 in the
Virtual Screening scored 88.54 with a Ligand Efficiency of 1.61.
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3.4 Concluding Remarks

The Virtual Screening and Interaction Analysis assays yield four compounds with
potential human immunoproteasome and HDACG6 dual-inhibition: Abarelix, an
antagonist to gonadotropin releasing hormone; Ritonavir, an HIV protease used as a
booster for other therapeutic protease inhibitors as it also inhibits CYP3A increasing
plasma drug concentrations; Alprostadil, a vasodilator used to increase pulmonary
activity in infants until corrective or palliative surgery can be performed; Paritaprevir an

Hepatitis C serine protease inhibitor that prevents viral replication and function.

Though the result of this investigation lead to these four compounds, that is not to say
that they are definitely dual-inhibitors for the intended targets but instead they should be
seen as hit compounds. This work managed to only scratch the surface of what is a drug
discovery endeavour, more studies can and should be conducted to verify the results
presented in this thesis.
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2.Appendix

Appendix I: Crystallographic ligands of the immunoproteasome, their interaction

types and distances with their native protein
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Appendix Il: Crystallographic ligands of HDACS, their interaction types and

distances with their native protein
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