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Abstract

Maltanedienol is the active principle of the alga, Padina pavonica. In vivo studies have
shown that this species has the potential to produce and release a substance that has a
positive effect on calcium fixation through its fronds. Maltanedienol has the utility in
managing bone conditions such as osteoporosis. This study has two main aims: to identify
the optimal biological targets for Maltanedienol, related to calcium deposition or bone
remodelling and secondly, to study Maltanedienol’s interaction with these targets from

an atomic perspective.

A previous study utilising a ligand-based approach to identify endogenous targets for
Maltanedienol discovered a potential of 59 candidates. The targets were filtered, based
on their relationship to bone remodelling or calcium fixation, narrowing these to 36, of
which only 26 were crystallographically described on the protein data bank. These 26
targets represented the study cohort. For each target, the small cognate molecule was
extracted from its ligand binding pocket (LBP) and mutual affinity calculated in each
case. Maltanedienol was subsequently docked into each target apo LBP and
conformational analysis carried out. The conformer with the greatest peak height
difference, between ligand binding affinity (pKd) and ligand binding energy (kcal/mol),
was the optimal conformer and identified as the most likely bioactive scaffold based on

high affinity and greatest stability.

Seven of the 26 identified targets bound to Maltanedienol with higher affinity than their
co-crystallised ligand. These targets were used for de novo design and formulated

hypotheses regarding the biological activity of Maltanedienol.



A 2D topology map was used to illustrate Maltanedienol’s optimal conformers
interactions with its respective receptor active site. Additionally, this was used to exhibit
the pharmacophoric moieties which were inhibiting the receptor’s active site. Different
seeds were produced from each optimal conformer and allowed growth in each of their

respective apo receptors.

These seed structures were then filtered according to affinity and activity at their
respective target LBP. Based on evidence from literature, a hypothesis of which of the
selected receptors should be further studied as potential in vivo targets for Maltanedienol

and mediators of calcium deposition in association with this molecule was made.
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Chapter 1

Introduction



1.1 Discovery

Many different species of marine algae are currently being researched and studied as they
produce substances which could make potential useful lead molecules. These molecules
are known as biogenic compounds (Kolanjinathan et al., 2014) and due to their
exceptional biological effects, they may bind to endogenous targets, to produce a
desirable effect (Smit, 2004; El Gamel, 2010; Al-Enazi et al., 2018). Throughout the
years, numerous compounds have been isolated from various types of marine alga and
have been used to produce antimicrobial, antiviral, cytotoxic, anti-parasitic and anti-
inflammatory drugs, amongst others (Blunden, 2001). Maltanedienol represents such an
example. Maltanedienol was discovered and isolated by Gutierrez and Saliba as the active
principle of the Mediterranean alga Padina pavonica. The active components of this
seaweed were investigated following the observation that this alga was capable of calcium

deposition, through its fronds. 23

! The Malta Independent. A molecule made in Malta [Internet]. Malta: The Malta Independent; 2004
[cited 2021 Jul 14]. Available from: http://www.independent.com.mt/articles/2004-04-23/news/a-
molecule-made-in-malta-65552/.

2 The Malta Independent. Research on agriculture products used to cope with physical stress [Internet].
Malta; The Malta Independent; 2004 [cited 2021 Jul 14]. Available from:
http://www.independent.com.mt/articles/2004-12-22/news/research-on-agriculture-products-used-to-
cope-with-physical-stress-70212/.

3 The Times of Malta. Seaweed extract being turned into a food supplement [Internet]. Malta; The Times
of Malta; 2004 [cited 2021 Jul 14]. Available from:
https://www.timesofmalta.com/articles/view/20041218/local/seaweed-extract-being-turned-into-a-food-
supplement.104206.



1.2 Padina pavonica

Maltanedienol originates from Padina pavonica (L.), an alga indigenous to the Atlantic
Ocean and Mediterranean Sea (Pace Debono, 1998). However, it can also be found in the
Indian Ocean, Pacific Ocean and limits of the British Isles, which are namely tropical and
temperate seas (Silberfeld et al., 2013). Also known as Peacock’s tail (Ismail et al., 2016),
this species belongs to a class of brown algae called Phaephycea and in the order
Dictyotales (Khaled et al., 2012; Herbert et al., 2016). Distinct, in its own way, Padina is
the only calcareous genus of the Phaeophyceae class (Okazaki et al., 1986). All brown
algae, together with the red and the green algae may also be grouped together and are
collectively known as macroalgae. These macroalge are used as bio-indicators in the
marine environment. The bio-indicative property of these species is carried out by
measuring the amount of unusual white appearance on its fan-shaped thallus surface (El
Gamal, 2010; Gil-Diaz et al., 2014). It was shown that the unusual white appearance on
the surface of the thallus, was due to a non-spontaneous deposition of calcium carbonate
in the aragonite form. This finding led to the hypothesis that Padina pavonica (L.) was
capable of synthesising and emitting a substance that had a positive effect on calcium
fixation through its fronds (Galea, 2009). These aragonite needles deposited in concentric
zones on the species’ thallus were only produced under strict environmental conditions
of pressure and temperature (Okazaki et al., 1986; Johnson et al., 2012; Cassar et al.,

2013; Falzon, 2017).



1.3 Structure of Maltanedienol

The main extract of Padina pavonica (L.) (EPP) has been resolved, concluded and
registered as Maltanedienol, as can be seen in Figures 1.1 and 1.2 below. It was officially
named in mid-February 2004, after the island of Malta. This is due to the abundance of

the algae growth seen on the southern side of the Mediterranean.?

Figure 1.1 2D representation of Maltanedienol rendered in BIOVIA Draw® v17.1.*

The dotted line indicates the symmetry of the molecule.

1 The Malta Independent. A molecule made in Malta [Internet]. Malta: The Malta Independent; 2004
[cited 2021 Jul 14]. Available from: http://www.independent.com.mt/articles/2004-04-23/news/a-
molecule-made-in-malta-65552/.

4 Dassault Systémes. BIOVIA Draw. Version 17.1 [software]. Dassault Systemes. 2017 [cited 2021 Jul
14; downloaded 2021 May 25]. Available from: https://hts.c2b2.columbia.edu/draw/.



This symmetrical molecule has an empirical formula of C2gHa405. Its structure is made
up of two cyclohexane rings attached to each other creating a plane of attachment and at
each end bonded to a 5-cyclic carbon structure. This overall 3D structural formation
resembles a primitive steroidal molecule. This central symmetry is characteristically seen
In numerous primitive compounds such as the tetraterpenes and the carotenoids (Cassar

etal., 2013).

Figure 1.2 3D representation of Maltanedienol, the active principle of the marine alga

Padina pavonica as modelled in Sybyl®-X (Ash et al., 2010).



1.4 Previous studies carried out

1.4.1 Previously investigated endogenously expressed targets for

Maltanedienol

This study is a continuation of 2 previous studies carried out at the University of Malta
by Cassar et al., (2013) and Falzon (2017), in which Maltanedienol was challenged with
two endogenous receptors; these were the Oestrogen Receptor (ER) and Farnesyl
Pyrophosphate Synthase (FPPS) receptor, respectively. Both of these targets are involved
in bone deposition which explains the evident calcium fixation properties of this

molecule.

The ER receptor was investigated based on the similarity between Maltanedienol and 17-
beta-oestradiol as seen in Figure 1.3, the latter molecule being the endogenous ligand for
the ER. The ER was even more attractive from an investigational perspective since it has
been implicated in the bone mineralisation process with selective oestrogen receptor
modulators (SERMs) such as raloxifene being used successfully in the management of

osteoporosis (Cassar et al., 2013).

On the other hand, the FPPS receptor, is the established target for the bisphosphonate
class of drugs of which alendronic and ibandronic acids are examples. The
bisphosphonates are FPPS agonists. The result of bisphosphonate mediated FPPS is
associated with increased osteoclastic calcium deposition resulting in increased bone
turnover rate in post-menopausal women (Cremers & Papapoulos, 2011). Both studies
seemed to indicate that Maltanedienol did not mediate its calcium depositing effect at

either of these targets, consequently implying that the search for its endogenous target



must continue, in the interest of potentially identifying a novel pathway for bone

remineralisation that could be exploited from a drug design perspective (Falzon, 2017).

OH

HO

Figure 1.3 2D representation of 17-beta-oestradiol BIOVIA Draw® v17.1. *

1.4.2 In vivo results

The results of the in vivo studies proved that Maltanedienol is capable of calcium fixation
and that it may consequently be utilized in managing bone conditions such as osteoporosis
(Galea, 2009). Osteoporosis is a highly prevalent condition amongst post-menopausal
women, causing significant morbidity among this cohort. In the in vivo studies,

Maltanedienol showed an increase in calcium fixation through osteoblast activity. The

4 Dassault Systémes. BIOVIA Draw. Version 17.1 [software]. Dassault Systémes. 2017 [cited 2021 Jul
14; downloaded 2021 May 25]. Available from: https://hts.c2b2.columbia.edu/draw/.



osteoblasts are cells which are responsible for laying bone matrix and thus increasing
their activity through Maltanedienol and thus causing an increase in bone mass which is
highly beneficial in osteoporosis (Krassas & Papadopoulou, 2001; Khalid & Krum,
2016). The increase in calcium fixation by Maltanedienol took place even when it was in
the presence of a calcium channel inhibitor or Interleukin-1 (IL-1), proving that calcium
fixation does not occur through either alpha and beta subtypes of the ER, found in bone
cells (Galea, 2009; Cassar et al., 2013; Khalid & Krum, 2016). However, it is only the
beta receptor is involved in bone remodelling. Therefore, it has been suggested by Falzon
(2017) that the beta receptor that should be revised, by using in vitro assays such that the
viability of this target may be exhaustively excluded. As a result, this target will be

revisited in this study.



1.5 Additional Uses for Maltanedienol

Maltanedienol also has an additional use as a contemporary food additive in poultry,
prawn, rabbit and fish farming. 2® In poultry farming, its positive effect on calcium
deposition enables battery chickens to stand for longer periods and enables the harvest of
more robust eggshells capable of better withstanding transport. In prawn farms,
Maltanedienol has supported the rearing of prawns with harder exoskeletons also capable
of better withstanding transport conditions (Galea, 2009). Whilst in rabbit farming, it is
fed to rabbits as it has proved to have showed an increase in meat growth and decrease in

mortality when used for less than 56 days (Guriec et al., 2014).

2 The Malta Independent. Research on agriculture products used to cope with physical stress [Internet].
Malta; The Malta Independent; 2004 [cited 2021 Jul 14]. Available from:
http://www.independent.com.mt/articles/2004-12-22/news/research-on-agriculture-products-used-to-
cope-with-physical-stress-70212/.

3 The Times of Malta. Seaweed extract being turned into a food supplement [Internet]. Malta; The Times
of Malta; 2004 [cited 2021 Jul 14]. Available from:
https://lwww.timesofmalta.com/articles/view/20041218/local/seaweed-extract-being-turned-into-a-food-
supplement.104206.



1.6 Potential Endogenous Targets for Maltanedienol

This study depends on the results obtained from inhouse data mining software using a
bioinformatics perspective, developed by D'Emanuele (2019). The study involved
systematically probing the ChEMBL® database (Bento et al., 2014), searching for
molecules which were structurally, morphologically and electronically similar to that of
Maltanedienol. The targets for this molecule, expressed according to UniProt ID, (The
UniProt Consortium, 2017) were subsequently identified, a process which identified 59
potential targets, as seen in the table below. This preliminary data by D'Emanuele (2019)
indicates that these are receptors which Maltanedienol can dock into and therefore will

be further investigated in this study.

Table 1.1 Potential targets (n=59) for Maltanedienol as identified through a
bioinformatics-based approach. Adopted from: D'Emanuele J. Discovery of Medicinal

Molecules Based on Similarity Networks [dissertation]. Msida (Malta): University of

Malta; 20109.
Number | UniProt Identified Target Name
ID
1 000748 Cocaine Esterase
2 014684 Prostaglandin E Synthase
3 015245 Solute Carrier Family 22 Member 1
4 060218 Aldo-Keto Reductase Family 1 Member B10
5 075469 Nuclear Receptor Subfamily 1 Group | Member 2
6 P03372 Oestrogen Receptor
7 P04150 Glucocorticoid Receptor

10




8 P04278 Sex Hormone-Binding Globulin

9 P06276 Cholinesterase

10 P06401 Progesterone Receptor

11 P07339 Cathepsin D

12 P08069 Insulin-Like Growth Factor 1 Receptor

13 P08235 Mineralocorticoid Receptor

14 P08684 Cytochrome P450 3A4

15 P10253 Lysosomal Alpha-Glucosidase

16 P10275 Androgen Receptor

17 P10586 Receptor-Type Tyrosine-Protein Phosphatase F

18 P11388 DNA Topoisomerase 2-Alpha

19 P11413 Glucose-6-Phosphate 1-Dehydrogenase

20 P11473 Vitamin D3 Receptor

21 P11511 Aromatase

22 P12931 Proto-Oncogene Tyrosine-Protein Kinase Src

23 P14061 Oestradiol 17-Beta-Dehydrogenase 1

24 P15121 Aldo-Keto Reductase Family 1 Member B1

25 P17706 Tyrosine-Protein Phosphatase Non-Receptor Type 2
26 P18031 Tyrosine-Protein Phosphatase Non-Receptor Type 1
27 P18405 3-0Oxo0-5-Alpha-Steroid 4-Dehydrogenase 1

28 P22303 Acetylcholinesterase

29 P23415 Glycine Receptor Subunit Alpha-1

30 P24666 Low Molecular Weight Phosphotyrosine Protein Phosphatase
31 P25024 C-X-C Chemokine Receptor Type 1

11




32 P28845 Corticosteroid 11-Beta-Dehydrogenase Isozyme 1

33 P29350 Tyrosine-Protein Phosphatase Non-Receptor Type 6

34 P30305 M-Phase Inducer Phosphatase 2

35 P30530 Tyrosine-Protein Kinase Receptor UFO

36 P31213 3-Ox0-5-Alpha Steroid 4-Dehydrogenase 2

37 P35228 Nitric Oxide Synthase, Inducible

38 P35968 Vascular Endothelial Growth Factor Receptor 2

39 P37058 Testosterone 17-Beta-Dehydrogenase 3

40 P37059 Oestradiol 17-Beta-Dehydrogenase 2

41 P49354 Protein Farnesyltransferase/Geranylgeranyltransferase Type-1
Subunit Alpha

42 P49356 Protein Farnesyltransferase Subunit Beta

43 P51449 Nuclear Receptor ROR-Gamma

44 P55055 Oxysterols Receptor LXR- Beta

45 P56817 Beta-Secretase 1

46 P80365 Corticosteroid 11-Beta-Dehydrogenase Isozyme 2

47 Q02880 DNA Topoisomerase 2-Beta

48 Q05397 Focal Adhesion Kinase 1

49 Q13133 Oxysterols Receptor LXR-Alpha

50 Q13526 Peptidyl-Prolyl Cis-Trans Isomerase NIMA-Interacting 1

51 Q13936 Voltage-Dependent L-Type Calcium Channel Subunit Alpha-1C

52 Q16665 Hypoxia-Inducible Factor 1-Alpha

53 Q8TDUG6 | G-Protein Coupled Bile Acid Receptor 1

54 Q92731 Oestrogen Receptor Beta

12




55 Q9UHCY9 | NPC1-Like Intracellular Cholesterol Transporter 1
56 Q9UMT73 | ALK Tyrosine Kinase Receptor

57 Q9Y4P1 Cysteine Protease ATG4B

58 Q9UBEO | SUMO-Activating Enzyme Subunit 1

59 Q9UBT2 | SUMO-Activating Enzyme Subunit 2

It is important to note that the ER receptor (Cassar et al., 2013) is listed above as a possible
target whilst the FPPS is not (Falzon, 2017). The FPPS receptor which was investigated
in silico, based on being the target for the bisphosphonates was neither identified by the
software of D'Emanuele (2019) nor by in silico work as being a potential target for

Maltanedienol.

Each of the 59 endogenous receptors from the study conducted by D'Emanuele (2019)
were evaluated and recruited into the study exclusively if literature showed that their
endogenous function was in some way related to in vivo calcium fixation or bone
remodelling. This process filtered the recruited targets down to 36. Below is a summary
of each of the 36 receptors’ function and their link to calcium fixation or bone

remodelling.

1.6.1 Prostaglandin E Synthase (PGES)

The PGES enzyme stimulates bone resorption whilst principally converting prostaglandin
H2, a cyclooxygenase-derived prostaglandin, to prostaglandin E2 (Murakami et al., 2002;

Inada et al., 2006).

13




Figure 1.4 The structure of Prostaglandin E Synthase bound to an inhibitor. Adopted
from: Partridge KM, Antonysamy S, Bhattachar SN, Chandrasekhar S, Fisher MJ,
Fretland A, et al. Discovery and Characterization of [(cyclopentyl)ethyl] benzoic Acid
Inhibitors of Microsomal Prostaglandin E Synthase-1. Bioorganic and Medicinal

Chemistry Letters. 2017; 27(6):1478-83.

1.6.2 Oestrogen Receptor (ER)

This nuclear hormone receptor binds oestrogen, a sex steroid which is vital in the
development of the reproductive organs and bone remodelling, amongst other processes.
During menopause there is a decrease of oestrogen binding to this receptor, resulting in a
loss of bone mass in various women. There are two ERs subtypes; ER alpha and ER beta,

both of which are highly expressed in osteoblasts and osteoclasts, however in this case,

14



the ER refers to the alpha sub-unit, whilst the beta subunit can be seen in Section 1.6.35

(Manolagas et al., 2013; Bado et al, 2017).

Figure 1.5 The structure of the Oestrogen Receptor in complex with 4-
Hydroxytamoxifen. Adopted from: Shiau AK, Barstad D, Loria PM, Cheng L, Kushner
PJ, Agard DA, et al. The Structural Basis of Oestrogen Receptor/Coactivator Recognition

and the Antagonism of This Interaction by Tamoxifen. Cell. 1998; 95(7):927-37.

1.6.3 Glucocorticoid Receptor (GR)

The GR is a nuclear hormone receptor, expressed in all bone cells. When glucocorticoids
(GCs) bind to the GR, they control the functions of this receptor by inhibiting osteoblast
proliferation, regulating the development of osteoclasts and induce apoptotic pathway for

osteoblasts and osteocytes. GCs are also involved in regulating several signalling

15



molecules such as growth factors and cytokines which are linked to the bone metabolism

process (Moutsatsou et al., 2012).

Figure 1.6 The structure of the Glucocorticoid Receptor bound to an antagonist. Adopted
from: Kauppi B, Jakob C, Farnegardh M, Yang J, Ahola H, Alarcon M, et al. The three-
dimensional structures of antagonistic and agonistic forms of the glucocorticoid receptor
ligand-binding domain: RU-486 induces a transconformation that leads to active
antagonism. The Journal of Biological Chemistry [Internet]. 2003; 278(25):22748-54
[cited 2021 Jul 14]. Available from:

http://www.jbc.org/cgi/pmidlookup?view=long&pmid=12686538.

16
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1.6.4 Sex Hormone-Binding Globulin

This plasma glycoprotein binds gonadocorticoid molecules and studies have shown that
Sex Hormone-Binding Globulin plays a part in bone remodelling. An increase this
glycoprotein results in a decrease in bioavailable sex steroids (which are beneficial for
bone formation) and thus causes a significant amount of bone loss (Legrand et al., 2001;

Hoppé et al., 2010).

Figure 1.7 The structure of Sex Hormone-Binding Globulin in complex with Oestradiol.
Adopted from: Grishkovskaya I, Avvakumov GV, Hammond GL, Catalano MG, Muller
YA. Steroid Ligands Bind Human Sex Hormone-Binding Globulin in Specific
Orientations and Produce Distinct Changes in Protein Conformation. The Journal of
Biological Chemistry [Internet]. 2002; 277(35):32086-93 [cited 2021 Jul 14]. Available
from: http://www.jbc.org/cgi/pmidlookup?view=long&pmid=12065592.

17



1.6.5 Cholinesterase

Also known as butyrylcholinesterase, this enzyme (to a lesser extent) hydrolyses
acetylcholine together with acetylcholinesterase (AChE). However, it was discovered that
this enzyme may be found in other non-neuronal cells such as bony tissue, where it may
carry out the mentioned hydrolysis reaction during bone development. This protein’s
concentration in bone depends on blood supply. An experiment carried out by Spieker et
al., (2017) showed a substantial increase in bone differentiation in the absence of
cholinesterase and concluded that this enzyme may be associated with osteoclastic

function (Haupt et al., 2015; Spieker et al., 2016; Spieker et al., 2017).

Figure 1.8 The structure of Acetylcholinesterase in complex with Dihydrotanshinone I.
Adopted from: Cheung J, Gary EN, Shiomi K, Rosenberry TL. Structures of Human
Acetylcholinesterase Bound to Dihydrotanshinone | and Territrem B Show Peripheral

18



Site Flexibility. American Chemical Society Medicinal Chemistry Letters [Internet].
2013; 4(11):1091-6 [cited 2021 Jul 14]. Available from:

https://pubs.acs.org/doi/10.1021/mI400304w

1.6.6 Progesterone Receptor (PR)

This receptor has a vital role in the reproductive system; however, the PR receptor is
highly expressed in bone tissue (in osteoblasts and osteoclasts) and plays an important
part in this organ’s homeostasis. It has been proved that during rapid growth periods, the
PR inhibits bone acquisition and formation. On the other hand, when this receptor was

inhibited, there was augmentation of bone mass and bone formation (Yao et al., 2010).

Figure 1.9 The structure of the Progesterone Receptor bound to progesterone receptor
modulators. Adopted from: Lusher SJ, Raaijmakers HC, Vu-Pham D, Dechering K, Lam
TW, Brown AR, et al. Structural Basis for Agonism and Antagonism for a Set of

Chemically Related Progesterone Receptor Modulators. The Journal of Biological

19



Chemistry [Internet]. 2011; 286(40):35079-86 [cited 2021 Jul 14]. Available from:

http://www.jbc.org/cgi/pmidlookup?view=long&pmid=21849509.

1.6.7 Insulin-Like Growth Factor 1 Receptor (IGF-1)

IGF-1 is crucial in several processes in the human body whilst also being an essential
component of bone formation. IGF-1 shows a significant anabolic effect through
enhanced osteoblastic function and osteocyte survival, this is done by increasing bone
formation and positively affecting the bone remodelling process (Locatelli & Bianchi,

2014; Bikle et al., 2015).

Figure 1.10 The structure of the Insulin-Like Growth Factor 1 Receptor in complex with
a pyrimidine inhibitor. Adopted from: Degorce SL, Boyd S, Curwen JO, Ducray R,
Halsall CT, Jones CD, et al. Discovery of a Potent, Selective, Orally Bioavailable and
Efficacious Novel 2-(Pyrazol-4-ylamino)-pyrimidine Inhibitor of the Insulin-like Growth

Factor-1 Receptor (IGF-1R). Journal of Medicinal Chemistry. 2016; 59(10):4859-66.
20



1.6.8 Mineralocorticoid Receptor (MR)

This receptor protein differs from other steroid receptors as it is responsive to two
endogenous hormones, namely aldosterone and cortisol. The MR is found in osteoclasts,
osteoblasts and osteocytes (Beavan et al., 2001; Fumoto et al., 2014), amongst other areas
in the body. In a study produced by Fumoto et al., (2014) when steroidal anti-
mineralocorticoid drug eplerenone was administered to mice, MR inhibition function
occurred causing an increase in bone mass, together with an increased stimulus for

osteogenesis and a decrease in bone resorption.

Figure 1.11 The structure of the Mineralocorticoid Receptor bound to Aldosterone.
Adopted from: Bledsoe RK, Madauss KP, Holt JA, Apolito CJ, Lambert MH, Pearce KH,
et al. A ligand-mediated hydrogen bond network required for the activation of the

mineralocorticoid receptor. The Journal of Biological Chemistry [Internet]. 2005;
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280(35):31283-93 [cited on 2021 Jul 14]. Available from:

https://www.jbc.org/content/280/35/31283.long.

1.6.9 Cytochrome P450 3A4

Located mostly in the liver and intestine, this enzyme subtype is crucial for the
metabolism of endogenous and exogenous chemicals and toxins. The cytochrome P450
3A4 18 variant was proved to rapidly oxidize sex steroids (such as oestrogen and T) which
are implicated in bone homeostasis, resulting in low bone mineral density (Kang et al.,
2009). It has also been discovered that this microsomal subtype is capable of
hydroxylation of vitamin D2 and D3 and thus can also be involved in regular bone health,

as may be seen in Section 1.6.11 (Jones et al., 2014).

Figure 1.12 The structure of Cytochrome P450 3A4 bound to glycerol. Adopted from:
Sevrioukova IF. High-Level Production and Properties of the Cysteine-Depleted

Cytochrome P450 3A4. Biochemistry. 2017; 56(24):3058-67.
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1.6.10 Androgen Receptor (AR)

The presence and binding of androgens to the AR is essential since this is necessary for
bone development and maintenance. In studies performed it was concluded that male
mice which did not express the AR had a lower bone mass, decreased periosteal
osteogenesis and high bone turnover when compared to the male mice that expressed the

receptor (Manolagas et al., 2013; Wu et al., 2019).

Figure 1.13 The structure of the Androgen Receptor bound to a small molecule. Adopted
from: Estébanez-Perpifid E, Arnold LA, Nguyen P, Rodrigues ED, Mar E, Bateman R, et
al. A Surface on the Androgen Receptor That Allosterically Regulates Coactivator
Binding. Proceedings of the National Academy of Sciences of the United States of

America. 2007; 104(41):16074-9.
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1.6.11 Vitamin D3 Receptor

This nuclear hormone receptor is found at high levels in immature osteoblasts, whilst it
is found in significantly lower concentrations in mature osteoblastic cells and osteocytes.
It is thought that the former bone cell type is responsible for vitamin D hormone
signalling, permitting calcium release and thus bone formation. In a study produced by
Yamamoto et al., (2013) it was shown that when the vitamin D3 Receptor in is found in
osteoblastic cells, the receptor negatively regulates bone mass homeostasis (Yamamoto

etal., 2013; Wang et al., 2014).

Figure 1.14 The structure of the Vitamin D3 Receptor bound to (4S)-4-hydroxy-5-[2-
methyl-4-(3-{3-methyl-4-[4,4,4-trifluoro-3-hydroxy-3-(trifluoromethyl)but-1-yn-1-

yl]phenyl}pentan -3-yl)phenoxy] pentanoic acid. °

> RCSB Protein Data Bank (PDB). 3WOA - Crystal Structure Analysis of Vitamin D receptor [Internet].
United States of America: RCSB PDB; 2013 [cited 2021 Jul 14]. Available from:
https://www.rcsb.org/structure/3w0a.
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1.6.12 Aromatase

This Cytochrome P450 Family 19 Subfamily A Member 1 enzyme catalyses the
conversion of testosterone (T) to oestradiol (E2) and androstenedione to estrone (E1). It
is found expressed in osteoblasts, osteocytes and osteoblast-like cells, amongst other

places and it is vital in maintaining bone mass (Sasano et al., 1997; Merlotti et al., 2011).

Figure 1.15 The structure of Aromatase in complex with Androstenedione. Adopted from:
Ghosh D, Griswold J, Erman M, Pangborn W. Structural Basis for Androgen Specificity

and Oestrogen Synthesis in Human Aromatase. Nature. 2009; 457(7226):219-23.
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1.6.13 Proto-Oncogene Tyrosine-Protein Kinase Src

Apart from this non-receptor tyrosine kinase protein having various cellular roles, it is
involved in regulating osteoblastic and osteoclastic activity during bone homeostasis.
This protein is widely found in osteoclasts and stimulates bone resorption. On the other
hand, when it is expressed in osteoblasts, it activates signalling pathways and inhibits
osteoblastic differentiation and bone formation through Yes-associated protein (YAP), to

repress Runx2 activity (Marzia et al., 2000; Zaidi et al., 2004; Kim et al., 2018).

Figure 1.16 The structure of Proto-Oncogene Tyrosine-Protein Kinase Src bound to
Kinase Inhibitor Bosutinib. Adopted from: Levinson NM, Boxer SG. A Conserved
Water-Mediated Hydrogen Bond Network Defines Bosutinib's Kinase Selectivity. Nature

Chemical Biology. 2014; 10(2):127-32.
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1.6.14 Oestradiol 17-Beta-Dehydrogenase 1

The predominant activity of this enzyme is reductive, as it converts E1 to E2. It also
catalyses dehydroepiandrosterone to androstendiol and dihydrotestosterone to 3-alpha-
androstanediol and 3-beta-androstanediol. Since these are gonadocorticoids, this enzyme

affects the bone remodelling process (Hilborn et al., 2017)

Figure 1.17 The structure of Oestradiol 17-Beta-Dehydrogenase 1 complexed with 3-
{[(9beta,14beta,16alpha,17alpha)-3,17-dihydroxyestra-1,3,5(10)-trien-16-

yl]methyl}benzamide. Adopted from: Mazumdar M, Fournier D, Zhu DW, Cadot C,
Poirier D, Lin SX. Binary and Ternary Crystal Structure Analyses of a Novel Inhibitor
With 17beta-HSD Type 1. A Lead Compound for Breast Cancer Therapy. The

Biochemical Journal. 2009; 424(3):357-66.
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1.6.15 Aldo-Keto Reductase Family 1 Member B1

This enzyme is also known as aldose reductase. In a study carried out by Inaba et al.,
(1999) it was proved that epalrestat, an aldose reductase inhibitor partially protected
osteoblastic function whilst also suggesting that the sorbitol-aldose reductase pathway
may be involved in the development of abnormal bone metabolism in galactose-fed rats

(Inaba et al., 1999).

Figure 1.18 The structure of Aldo-Keto Reductase Family 1 Member B1 complexed with

Schl12134 (3-[5-(3-nitrophenyl)-2-thienyl]propanoic acid). °

6 RCSB Protein Data Bank (PDB). 4YU1- Human Aldose Reductase complexed with Schl12134 (3-[5-(3-
nitrophenyl)-2-thienyl]propanoic acid) at 1.02 A [Internet]. United States of America: RCSB PDB; 2013
[cited 2021 Jul 14]. Available from: https://www.rcsh.org/structure/4YU1.
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1.6.16 Tyrosine-Protein Phosphatase Non-Receptor Type 2 (PTPN2)

Doody et al., (2012) have proved that this tyrosine receptor is needed for regular bone
development. It was observed that in PTPN2 knockout mice, osteoclast density and bone
resorption increased, resulting in smaller skeletons. Another study carried out by Zhang
etal., (2019) discovered a substrate for PTPN2 called colony-stimulating factor 1 receptor
(CSF1R) which is directly dephosphorylated by PTPN2 at the Y807 site and it is
responsible for bone resorption by controlling osteoclastic development and function

(Doody et al., 2012; Zhang et al., 2019).

1.6.17 Tyrosine-Protein Phosphatase Non-Receptor Type 1 (PTP-1B)

The PTP-1B has a variety of roles including its involvement in metabolic homeostasis,
inflammation and immunity. PTP-1B is stimulated by numerous molecules, most notably
the insulin receptor which is expressed in osteoblasts and may be involved in bone

development (Wheeler et al., 2002; Ferron et al., 2010; Zee et al., 2012).
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Figure 1.19 The structure of Tyrosine-Protein Phosphatase Non-Receptor Type 1
complexed with 5-lodo-2-(Oxalyl-Amino)-Benzoic Acid. Adopted from: Andersen HS,
Iversen LF, Jeppesen CB, Branner S, Norris K, Rasmussen HB, et al. 2-(oxalylamino)-
benzoic Acid Is a General, Competitive Inhibitor of Protein-Tyrosine Phosphatases. The
Journal of Biological Chemistry [Internet]. 2000; 275(10):7101-8 [cited 2021 Jul 14].

Available from: https://www.jbc.org/content/275/10/7101.long.

1.6.18 3-Ox0-5-Alpha-Steroid 4-Dehydrogenase 1

This isoenzyme is found predominantly in the liver but it has also been detected in bone.
Also known as 5-alpha-reductase type 1, this enzyme catalyses the conversion of T to 5-
alpha-dihydrotestosterone, which is involved in bone metabolism. From studies
conducted on male mice it was noted that these this study sample had a lower bone mass
and a decrease in forelimb strength, due to the absence of this enzyme in their bone and

muscle cells, when compared to the wildtype mice (Issa et al., 2002; Windahl et al., 2011).

1.6.19 Acetylcholinesterase (AChE)

The main role of this enzyme is to hydrolyse acetylcholine to choline and acetate.
However, it was discovered that AChE has a function in bone, as it can be found as a
proline-rich membrane anchor (PRiMA)-linked globular form in osteoblasts, in which it
IS suggested to undertake a noncholinergic role in osteoblastic differentiation. A direct
correlation exists between AChE expression and osteoblastic differentiation, since AChE
expression increases with osteoblastic differentiation (Grisaru et al., 1999; Inkson et al.,

2004; Vogel-Hopker et al., 2012; Spieker et al., 2016; Tamini etal., 2017; Xuetal., 2017).
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Figure 1.20 The structure of Acetylcholinesterase complexed with Huperzine A. Adopted
from: Raves ML, Harel M, Pang YP, Silman I, Kozikowski AP, Sussman JL. Structure
of Acetylcholinesterase Complexed with the Nootropic Alkaloid, (-)-Huperzine A.

Nature Structural Biology. 1997; 4(1):57-63.

1.6.20 Low Molecular Weight Phosphotyrosine Protein Phosphatase

This enzyme modulates Src kinase activity during osteoblastic differentiation (Zambuzzi

et al., 2008).
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Figure 1.21 The structure of Low Molecular Weight Phosphotyrosine Protein
Phosphatase complexed with 2-(N-Morpholino)-Ethanesulfonic Acid. Adopted from:
Stanford SM, Aleshin AE, Zhang V, Ardecky RJ, Hedrick MP, Zou J, et al. Diabetes
Reversal by Inhibition of the Low-Molecular-Weight Tyrosine Phosphatase. Nature

Chemical Biology. 2017; 13(6):624-32.

1.6.21 Corticosteroid 11-Beta-Dehydrogenase Isozyme 1

Through its reducing property, this enzyme converts cortisone to cortisol which is
important in regular bone function and it is expressed in osteoclasts and osteoblast cells

(Bland et al., 1999; Cooper et al., 2000; Cooper et al., 2001; Stewart, 2003).

32



Figure 1.22 The structure of Corticosteroid 11-Beta-Dehydrogenase Isozyme 1
complexed with 2-anilinothiazolones. Adopted from: Yuan C, St Jean DJ Jr, Liu Q, Cai
L, Li A, Han N et al. The Discovery of 2-anilinothiazolones as 11beta-HSD1 Inhibitors.

Bioorganic and Medicinal Chemistry Letters. 2007; 17(22):6056—61.

1.6.22 M-Phase Inducer Phosphatase 2

This enzyme has various roles including its ability to dephosphorylate cyclin-dependent
kinase 1 (CDK1) and thus propagate its kinase activity. This protein Kinase activity is

vital in osteoblastic cell function (Takahashi et al., 2018).
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Figure 1.23 The structure of the M-Phase Inducer Phosphatase 2 with a bound inhibitor.
Adopted from: Lund G, Dudkin S, Borkin D, Ni W, Grembecka J and Cierpicki T.
Inhibition of CDC25B Phosphatase Through Disruption of Protein-Protein Interaction.

American Chemical Society Chemical Biology. 2015; 10(2):390-4.

1.6.23 Tyrosine-Protein Kinase Receptor UFO

Also known as receptor tyrosine kinase AXL, this protein is found in a diverse number

of tissues, including bone marrow stroma (Gay et al., 2017).
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Figure 1.24 The structure of Tyrosine-Protein Kinase Receptor UFO in complex with a
macrocyclic inhibitor. Adopted from: Gajiwala KS, Grodsky N, Bolafios B, Feng J, Ferre
R, Timofeevski S, et al. The Axl Kinase Domain in Complex with a Macrocyclic Inhibitor
Offers First Structural Insights Into an Active TAM Receptor Kinase. The Journal of
Biological Chemistry [Internet]. 2017; 292(38):15705-16 [cited 2021 Jul 14]. Available

from: https://www.jbc.org/content/292/38/15705.long.

1.6.24 3-Oxo-5-Alpha Steroid 4-Dehydrogenase 2

This isoenzyme is predominantly expressed in male reproductive tissues. Also known as
5alpha-reductase type 2, this enzyme is converts T to dihydrotestosterone, which is
involved in maintaining and developing bone mineral density (Issa et al., 2002; Sobel et

al., 2006; Windahl et al., 2011).
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1.6.25 Nitric Oxide Synthase, Inducible

The inducible nitric oxide synthase are located in bone marrow stromal cells, osteoblasts,
osteocytes, and osteoclasts. Nitric oxide synthase is composed of three isoforms, however
the inducible type is the leading isoform which stimulates synthesis of nitric oxide by

osteoblasts (Wimalawansa, 2010; Lee et al., 2018).

Figure 1.25 The structure of Inducible Nitric Oxide Synthase with inhibitor AR-C95791.
Adopted from: Garcin ED, Arvai AS, Rosenfeld RJ, Kroeger MD, Crane BR, Andersson
G, et al. Anchored Plasticity Opens Doors for Selective Inhibitor Design in Nitric Oxide

Synthase. Nature Chemical Biology. 2008; 4(11):700-7.

1.6.26 Vascular Endothelial Growth Factor Receptor 2 (VEGFR2)

Primarily, the VEGFR2 is involved in angiogenesis, vasculogenesis and an increase in

vessel permeability in response to its ligand, vascular endothelial growth factor. This
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tyrosine-kinase receptor is also expressed in osteoclasts and as a result of ligand binding,
it promotes osteoclastic survival through the stimulation of PI3K/Akt signalling.
VEGFR?2 can also be found in osteoblastic cells however, there is conflicting theories on
whether this receptor acts as a positive or negative regulator of bone formation and

development (Hu & Olsen, 2016; Hu & Olsen, 2017).

Figure 1.26 The structure of Vascular Endothelial Growth Factor Receptor 2 in complex
with a novel 4-amino-furo[2,3-d]pyrimidine. Adopted from: Miyazaki Y, Matsunaga S,
Tang J, Maeda Y, Nakano M, Philippe RJ, et al. Novel 4-amino-furo[2,3-d]pyrimidines
as Tie-2 and VEGFR2 Dual Inhibitors. Bioorganic and Medicinal Chemistry Letters.

2005; 15(9):2203-7.
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1.6.27 Testosterone 17-Beta-Dehydrogenase 3

This oxidoreductase enzyme is found predominantly in the testicles and is responsible for
the production of T from 4-androstenedione. Studies have also concluded that this

isoenzyme is expressed in bone, amongst other locations (George et al., 2010).

1.6.28 Oestradiol 17-Beta-Dehydrogenase 2

This isoenzyme predominantly oxidizes E2 to E1, T to androstenedione and androstendiol
to dehydroepiandrosterone apart from being expressed in osteoblastic cells (Dong et al.,

1998; Hilborn et al., 2017).

1.6.29 Corticosteroid 11-Beta-Dehydrogenase Isozyme 2

This enzyme is responsible for the conversion of cortisol to cortisone. Additionally, it
plays a crucial part in bone homeostasis and is present in osteoblasts at low levels (Bland

et al., 1999; Cooper et al., 2000; Cooper et al., 2001; Stewart, 2003).

1.6.30 Focal Adhesion Kinase 1

When this cytoplasmic non-receptor protein tyrosine kinase is phosphorylated, it activates
numerous signalling molecules and kinase reactions which are essential to stimulate
osteoblastic function, bone development and remodelling (Tamura et al.,2001; Castillo et

al., 2012).
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Figure 1.27 The structure of Focal Adhesion Kinase 1 in complex with N-{3-[(5-Cyano-
2-Phenyl-1h-Pyrrolo[2,3-B]Pyridin-4-Ylamino)-Methyl]-Pyridin-2-Y1}-N-Methyl-

Methanesulfonamide. Adopted from: Heinrich T, Seenisamy J, Emmanuvel L, Kulkarni
SS, Bomke J, Rohdich F, et al. Fragment-based Discovery of New Highly Substituted
1H-pyrrolo[2,3-b]- and 3H-imidazolo[4,5-b]-pyridines as Focal Adhesion Kinase

Inhibitors. Journal of Medicinal Chemistry. 2013; 56(3):1160-70.

1.6.31 Peptidyl-Prolyl Cis-Trans Isomerase NIMA-Interacting 1 (PIN1)

PIN1 regulates phosphorylation reactions, signalling molecules and cytokines which are
involved in many different processes. This enzyme has been proved to be present in bone
cells and may regulate osteoblastic activity and osteoclastic function (Shen et al. 2013;

Cho et al., 2015).
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Figure 1.28 The structure of Peptidyl-Prolyl Cis-Trans Isomerase NIMA-Interacting 1 in
complex with Trihydroxyarsenite (I11) . Adopted from: Kozono S, Lin YM, Seo HS,
Pinch B, Lian X, Qiu C, et al. Arsenic Targets Pin1 And Cooperates with Retinoic Acid
to Inhibit Cancer-Driving Pathways and Tumor-Initiating Cells. Nature Communications
[Internet]. 2018; 9(1):1-17 [cited 2021 Jul 14]. Available from:

https://www.nature.com/articles/s41467-018-05402-2.

1.6.32 Voltage-Dependent L-Type Calcium Channel Subunit Alpha-1C

This channel allows for calcium influx into a cell and its function is crucial to permit

calcium-mediated cellular signalling. This subunit is found abundantly in rodent
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osteoblasts, allowing calcium influx into these bone cells and thus playing an essential

part in osteoblastic activity and function (Li et al., 2011; Zhang et al., 2015).

1.6.33 Hypoxia-Inducible Factor 1-Alpha

This protein does not regulate osteoclastogensis, instead it functions by increasing bone
resorption activity of mature osteoclasts via the von Hippel-Lindau tumour suppressor
protein and prolyl-4-hydroxylase enzymes at normal oxygen levels. In developing bone,
this subunit is found in osteoblasts and it plays a vital part in stimulating angiogenesis
and osteoblastic specification. On the other hand, in mature bone, a decrease in this
subunit in osteoblasts leads to bone formation (Frey et al., 2014; Hulley et al., 2017; Kang

etal., 2017).

1.6.34 G-Protein Coupled Bile Acid Receptor 1

G-protein coupled bile acid receptor 1 is crucial in carbohydrate metabolism, bile acid
and energy homeostasis. During receptor activation through its ligand, GPBARA, the
receptor promotes osteoblastic differentiation and mineralization through the 5' adenosine

monophosphate-activated protein kinase signalling pathway (Wang et al., 2018).

1.6.35 Oestrogen Receptor Beta

This oestrogen receptor subtype has numerous roles and may be found in various
locations in the body including osteoblasts, osteocytes and osteoclasts. It is still not fully
understood how this receptor functions however, through in vitro studies it is thought to

oppose the effects of ER alpha. On the other hand, in vivo studies show that the ER alpha
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and beta stimulate bone formation in response to mechanical loading (Lee et al., 2004;

Castillo et al., 2014; Khalid & Krum, 2016).

Figure 1.29 The structure of Oestrogen Receptor Beta in Complex with (R,R)-5,11-cis-
diethyl-5,6,11,12-tetrahydrochrysene-2,8-diol. Adopted from: Shiau AK, Barstad D,
Radek JT, Meyers MJ, Nettles KW, Katzenellenbogen BS, et al. Structural
Characterization of a Subtype-Selective Ligand Reveals A Novel Mode of Oestrogen

Receptor Antagonism. Nature Structural Biology. 2002; 9(5):359-64.

1.6.36 Cysteine Protease ATG4B

This enzyme is necessary in autophagy but is also involved in bone homeostasis, as it
permits bone resorption by creating the osteoclast ruffled border and stimulating the

secretory function of osteoclasts (DeSelm et al., 2011).
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1.7 Computational Design

1.7.1 BIOVIA Draw®

Also a Dassault Systemes Biovia software computational program, BIOVIA Draw®
v17.1 permits viewing, drawing, building and modifying chemical structures

computationally and thus is very useful in the chemical and pharmaceutical sector. *

1.7.2 BIOVIA Discovery Studio Visualizer®

Dassault Systemes Biovia produced and licenses BIOVIA Discovery Studio Visualizer®
v20.1, a freeware program. Users can run simulations, view and edit chemical structures,
execute ligand design, structure-based design, macromolecule design, pharmacophore

modelling and validation and macromolecule engineering. ’

1.7.3 Sybyl®-X
Sybyl®-X v1.1 is another computational software program used for both macromolecules
and small molecules. This program is purposed for molecular modelling and may be used

for high throughput screening and late lead optimization (Ash et al., 2010).

4 Dassault Systémes. BIOVIA Draw. Version 17.1 [software]. Dassault Systemes. 2017 [cited 2021 Jul
14; downloaded 2021 May 25]. Available from: https://hts.c2b2.columbia.edu/draw/.
" Dassault Systemes. BIOVIA Discovery Studio Visualizer. Version 20.1 [software]. Dassault Systémes.
2020 [cited 2021 Jul 14; downloaded 2021 May 25]. Available from:
https://www.3dsbiovia.com/products/collaborative-science/biovia-discovery-studio/visualization-
download.php.
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1.7.4 X-Score

X-Score v1.3 is the third computational program used, developed by the University of
Michigan whose basic function is to calculate the binding score (ligand binding affinity
and/or ligand binding energy) of a given ligand molecule-protein receptor structure
(Zhang et al., 2009). The receptor is required to be in a PDB file format, whilst the ligand
molecule must be stored in a .mol2 file format. This version of the program uses three
empirical scoring functions (HPSCORE, HMSCORE and HSSCORE) by using several

properties such as VVan der Waals interactions, hydrophobicity and hydrogen bonding.

1.7.5 LigBuilder®

LigBuilder® v1.2 (Wang et al., 2000) enables the building and synthetic analysis of

ligands within the constraints of the LBP provided, using a library of organic fragments.

This program contains four main modules; POCKET, GROW, LINK and PROCESS. The
POCKET algorithm analyses and creates a map of the LBP and prepares the necessary
data for the LINK and GROW functions and allows the input of seeds. The GROW or
LINK modules are used to virtually grow the seed structures via genetic algorithm. Both
the LINK and GROW algorithms utilise ‘growing sites' on the seed structure that are
supplied by the user. The GROW module allows for the removal of specific groups at
specific termini, as well as the recognition of growth zones and, if possible, the addition
of fragments to a particular area. The LINK module, on the other hand, joins two parts of

a chopped molecule, to maximize interactions with the target receptor (Wang et al., 2000).

Following the utilisation of the GROW or LINK function, the PROCESS module acts as

the organiser portion of the programme. It groups up all the molecules that have been
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create and sorts them into families. All the .index files in LigBuilder® v1.2 (Wang et al.,
2000) are instruction files for the programme. These files instruct the programme which
the input files are and from where to read them and where to place the output files. The
link.index and grow.index also contain the parameters that approach Lipinski’s Rule

(Lipinski et al., 2001).
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1.8 Aim and Objectives

The aim of this study is to identify the specific endogenous target receptor of
Maltanedienol. This study relies on the results obtained by D'Emanuele (2019), which
identified 59 potential targets (refer to Table 1.1 above). Furthermore, the biological role
of each of the 59 targets was identified from literature. Those targets with in vivo calcium
deposition or bone remodelling associated functions will be considered and the contacts
Maltanedienol forges with these ligands will be elucidated and molecular modelling

performed.

The implication of the results is that the answer to the calcium fixing abilities of this
molecule may be modulated through one of these 59 targets. The broader implication is
that Maltanedienol scaffold may be used in order to mediate hitherto unexplored,
biological and clinically useful responses. This study is consequently exploratory and

seeks to provide preliminary answers to these questions.

Therefore, the aim of this study is, using a bioinformatics approach, is to identify the
target to which Maltanedienol could potentially bind as per data mining results from a
previous study by D'Emanuele (2019). Subsequently, the results will be utilized in the
design of analogues with similar biological activity as Maltanedienol, in the context of a

multi-target drug design strategy.
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Chapter 2

Methodology
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2.1 Introduction and study overview

This study is designed to identify the endogenous target for Maltanedienol. This molecule
Is the active ingredient isolated from the marine seaweed Padina pavonica.
Maltanedienol has been proven to be involved in a calcium fixation process, not only
through the seaweed itself and but also through in vivo studies carried out (Okazaki et al.,

1986; Galea, 2009).

The methodology carried out, allowing the aim of this study to be achieved is as follows;
59 endogenous targets from a study performed by D'Emanuele (2019) were recruited.
Following that, two groups were created depending on whether the target’s function was
or was not related to bone remodelling or calcium fixation; Group A — targets whose
function is related to in vivo calcium deposition or bone remodelling and Group B —
targets whose function appeared to be unrelated to in vivo calcium deposition or bone

remodelling.

The endogenous targets found in group A were utilised for next step of this study, whilst
those targets in Group B will be further investigated and used in upcoming studies. Those
receptors found as small molecule:protein complexes on the protein data bank (PDB)
(Bernstein et al., 1977) only were recruited as candidates for this study. Each PDB
crystallographic deposition was analysed from a content perspective. For each PDB
crystallographic deposition, the resident small molecule was computationally extracted

and ligand binding affinity (LBA) (pKd) for its cognate receptor was calculated in silico.

Maltanedienol was then docked into each apo receptor ligand binding pocket (LBP) and
conformational analysis was performed. The affinity of the optimal Maltanedienol
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conformer for each proposed receptor was calculated and was compared to that of the
cognate ligand, to reach the final scope of this study. De novo design was carried out

using Ligbuilder® v1.2 (Wang et al., 2000).
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2.2 Selection of targets related to in vivo calcium deposition or bone

remodelling

Each of the 59 endogenous receptors from the study conducted by D'Emanuele (2019)
were evaluated and recruited into the study exclusively if literature showed that their
endogenous function (as seen in Section 1.6) was in some way related to in vivo calcium
fixation or bone remodelling. This process filtered the recruited targets down to 36. The
table below (Table 2.1) summarises the list of targets and this group of targets was titled
Group A. Group A consists of the targets whose function is related to in vivo calcium

deposition or bone remodelling and thus were used in the next stage of this study.

Table 2.1 Group A - Potential in vivo targets (n=36) for Maltanedienol as identified by
the data mining software of D'Emanuele (2019) whose function is related to calcium

fixation or bone remodelling.

Number | UniProt ID | Identified Target Name

1 014684 Prostaglandin E Synthase

2 P03372 Oestrogen Receptor

3 P04150 Glucocorticoid Receptor

4 P04278 Sex Hormone-Binding Globulin
5 P06276 Cholinesterase

6 P06401 Progesterone Receptor

7 P08069 Insulin-Like Growth Factor 1 Receptor
8 P08235 Mineralocorticoid Receptor

9 P08684 Cytochrome P450 3A4

10 P10275 Androgen Receptor
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11 P11473 Vitamin D3 Receptor

12 P11511 Aromatase

13 P12931 Proto-Oncogene Tyrosine-Protein Kinase Src

14 P14061 Oestradiol 17-Beta-Dehydrogenase 1

15 P15121 Aldo-Keto Reductase Family 1 Member B1

16 P17706 Tyrosine-Protein Phosphatase Non-Receptor Type 2

17 P18031 Tyrosine-Protein Phosphatase Non-Receptor Type 1

18 P18405 3-0x0-5-Alpha-Steroid 4-Dehydrogenase 1

19 P22303 Acetylcholinesterase

20 P24666 Low Molecular Weight Phosphotyrosine Protein
Phosphatase

21 P28845 Corticosteroid 11-Beta-Dehydrogenase Isozyme 1

22 P30305 M-Phase Inducer Phosphatase 2

23 P30530 Tyrosine-Protein Kinase Receptor UFO

24 P31213 3-Ox0-5-Alpha Steroid 4-Dehydrogenase 2

25 P35228 Nitric Oxide Synthase, Inducible

26 P35968 Vascular Endothelial Growth Factor Receptor 2

27 P37058 Testosterone 17-Beta-Dehydrogenase 3

28 P37059 Oestradiol 17-Beta-Dehydrogenase 2

29 P80365 Corticosteroid 11-Beta-Dehydrogenase Isozyme 2

30 Q05397 Focal Adhesion Kinase 1

31 Q13526 Peptidyl-Prolyl Cis-Trans Isomerase NIMA-Interacting 1

32 Q13936 Voltage-Dependent L-Type Calcium Channel Subunit

Alpha-1C
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33 Q16665 Hypoxia-Inducible Factor 1-Alpha

34 Q8TDUG6 G-Protein Coupled Bile Acid Receptor 1
35 Q92731 Oestrogen Receptor Beta

36 Q9Y4P1 Cysteine Protease ATG4B

On the other hand, those targets whose function is not related to in vivo calcium fixation

or bone remodelling, can be seen summarised in the table below (Table 2.2). This group

of targets was titled Group B and was not used for this study, however, should be used

for future studies of Maltanedienol.

Table 2.2 Group B - Potential in vivo targets (n=23) for Maltanedienol as identified by

the data mining software of D'Emanuele (2019) whose function is not related to calcium

fixation or bone remodelling.

Number | UniProt Identified Target Name
ID
1 000748 Cocaine Esterase
2 015245 Solute Carrier Family 22 Member 1
3 060218 Aldo-Keto Reductase Family 1 Member B10
4 075469 Nuclear Receptor Subfamily 1 Group | Member 2
5 P07339 Cathepsin D
6 P10253 Lysosomal Alpha-Glucosidase
7 P10586 Receptor-Type Tyrosine-Protein Phosphatase F
8 P11388 DNA Topoisomerase 2-Alpha
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9 P11413 Glucose-6-Phosphate 1-Dehydrogenase

10 P23415 Glycine Receptor Subunit Alpha-1

11 P25024 C-X-C Chemokine Receptor Type 1

12 P29350 Tyrosine-Protein Phosphatase Non-Receptor Type 6

13 P49354 Protein Farnesyltransferase/Geranylgeranyltransferase Type-
1 Subunit Alpha

14 P49356 Protein Farnesyltransferase Subunit Beta

15 P51449 Nuclear Receptor ROR-Gamma

16 P55055 Oxysterols Receptor LXR- Beta

17 P56817 Beta-Secretase 1

18 Q02880 DNA Topoisomerase 2-Beta

19 Q13133 Oxysterols Receptor LXR-Alpha

20 Q9UHCY9 | NPC1-Like Intracellular Cholesterol Transporter 1

21 Q9UM73 | ALK Tyrosine Kinase Receptor

22 Q9UBEO | SUMO-Activating Enzyme Subunit 1

23 Q9UBT2 | SUMO-Activating Enzyme Subunit 2
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2.3 Selection of target receptors on the PDB

Following the segregation of the endogenous target receptors based on calcium fixation
or bone remodelling properties, the 36 targets forming part of this group were searched

on the PDB (Bernstein et al., 1977).

The PDB (Berman et al., 2000) was founded in 1971 by a group of scientists at the
Brookhaven National Library. This archive is composed of different macromolecular
biomolecules, which started with just 7 protein archives, however over the years has
grown and is currently composed of over a hundred thousand entries (Goodsell et al.,

2015).

Only 26 targets of the 36 endogenous recruited targets were crystallographically
described on the PDB (Bernstein et al., 1977). These 26 targets, consequently, represented
the target cohort considered in this study. This can be seen in the following table (Table

2.3).

Table 2.3 Potential in vivo targets (n=26) for Maltanedienol as identified by the data
mining software of D'Emanuele (2019) which are crystallographically resolved on the
PDB (Bernstein et al., 1977) and whose function is related to calcium fixation or bone

remodelling, which were consequently recruited for this study.

Number | UniProt Identified Target Name PDB
ID ID

1 014684 Prostaglandin E Synthase 5T37

2 P03372 Oestrogen Receptor 3ERT
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3 P04150 Glucocorticoid Receptor 1INHZ
4 P04278 Sex Hormone-Binding Globulin 1LHU
5 P06276 Cholinesterase 4MOE
6 P06401 Progesterone Receptor 3ZR7
7 P08069 Insulin-Like Growth Factor 1 Receptor 5FXS
8 P08235 Mineralocorticoid Receptor 2AA2
9 P08684 Cytochrome P450 3A4 5VCC
10 P10275 Androgen Receptor 2PIV
11 P11473 Vitamin D3 Receptor 3W0A
12 P11511 Aromatase 3EQM
13 P12931 Proto-Oncogene Tyrosine-Protein Kinase Src 4MXO
14 P14061 Oestradiol 17-Beta-Dehydrogenase 1 3HB4
15 P15121 Aldo-Keto Reductase Family 1 Member B1 4YU1
16 P18031 Tyrosine-Protein Phosphatase Non-Receptor Type 1 | 1IECV
17 P22303 Acetylcholinesterase 1VOT
18 P24666 Low Molecular Weight Phosphotyrosine Protein | 5JNT
Phosphatase
19 P28845 Corticosteroid 11-Beta-Dehydrogenase Isozyme 1 2RBE
20 P30305 M-Phase Inducer Phosphatase 2 4WH9
21 P30530 Tyrosine-Protein Kinase Receptor UFO 5U6B
22 P35228 Nitric Oxide Synthase, Inducible 3E7G
23 P35968 Vascular Endothelial Growth Factor Receptor 2 1YWN
24 Q05397 Focal Adhesion Kinase 1 4GU6
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25 Q13526 Peptidyl-Prolyl ~ Cis-Trans  Isomerase ~ NIMA- | 6DUN
Interacting 1
26 Q92731 Oestrogen Receptor Beta 1L.2J
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2.4 Extraction of Ligands

Sybyl®-X v1.1 (Ash et al., 2010) was used for PDB (Bernstein et al., 1977) visualisation
and molecular modelling. For each PDB crystallographic deposition (Bernstein et al.,
1977), the resident small molecule was computationally extracted and removed from its

receptor to obtain the apo structure of the endogenous receptor.

The resident small molecule was exported onto a separate .mol2 file format and the apo

receptor was saved as a PDB file format. This was done for each of the 26 targets (and

their respective resident small molecules) recruited for this study.
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2.5 Conformational Analysis

Since no information regarding the possible bioactive conformation of Maltanedienol
within the 26 apo targets was available, conformational analysis was performed in order
to identify the optimal conformer of Maltanedienol within the LBP. An assumption was
made that the bound conformer with the highest affinity and lowest potential energy
would be the most likely to exist in nature. These conformers were identified as optimal.
Conformer generation was carried out using Sybyl®-X v1.1 (Ash et al., 2010), by
utilising the ‘Similarity Suite’ function. This probed the conformational space within each
apo LBP and identified the 20 highest affinity conformers of Maltanedienol in each case.
Each conformer was extracted in .mol2 file format and numbered and named to facilitate

identification.

2.5.1 Calculating the Ligand Binding Energy (LBE) (kcal/mol)

The LBE of all the 20 conformers of each receptor were calculated using X-Score v1.3
(Wang et al., 2002). Each conformer was imported one by one and all their respective
energies were calculated in kcal/mol. Stability between the ligand and the molecule is
extremely important. Henceforth, a conformer with a low LBE is preferred over a higher

LBE.

2.5.2 Calculating the Ligand Binding Affinity (LBA) (pKd)

pKd is a measure of affinity. X-Score v1.3 (Wang et al., 2002) calculates the HPSCORE,
HMSCORE and HSSCORE by using several properties such as Van der Waals
interactions, hydrophobicity and hydrogen bonding and these values are used to measure

the average affinity LBA, expressed in pKd. Therefore, X-Score v1.3 (Wang et al., 2002),
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is a computational programme specifically designed to calculate the binding score of a
given molecule:protein complex. This method was used to calculate the different binding
affinities between the different conformers of Maltanedienol. The apo form of each
receptor (26 receptor targets) as a PDB file format and their respective conformers of
Maltanedienol (each receptor had 20 conformers) as a .mol2 file format were entered and

X-Score v1.3 was run.

The LBA (pKd) of each small molecule for its respective cognate receptor (n=26) was
quantified in X-Score v1.3 (Wang et al., 2002) and established as a comparative baseline.
A higher pKd value is preferred to a lower one, since a higher pKd represents a ligand

which will be tightly bound to its receptor, which is the desirable scenario.

2.5.3 Choosing the Optimal Conformer

The LBA (pKd) and LBE (kcal/mol) values for each receptor and its conformers, obtained
from X-Score (Wang et al., 2002) were used to produce line graphs. Graphs (n=26) of
LBA (pKd) and LBE (kcal/mol) on the y-axis against Maltanedienol Conformer Number,
on the x-axis, were plotted and can be seen in Section 3.1. The conformer with the greatest
peak height difference, between LBA (pKd) and LBE (kcal/mol), was the optimal
conformer and identified as the most likely bioactive scaffold based on high affinity and

greatest stability.
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2.6 Recruiting Receptor Targets

After conformational analysis and the LBA (pKd) of the optimal conformer of
Maltanedienol docked into each target LBP was quantified in silico, it was compared to
that of the co-crystallised small molecule, set as a baseline affinity for comparison (Table
3.1). This created a scenario in which it could be established whether the optimal
conformer of Maltanedienol bound to each of the targets with an affinity that exceeded
that of the endogenous small molecule. For those cases where the affinity of the optimal
conformer of Maltanedienol was greater than that of the endogenous small molecule, a
predicted case could be made for the optimal conformer of Maltanedienol binding to the

target preferentially in a competitive scenario.

This process yielded 7 target proteins for which the optimal conformer of Maltanedienol
had an LBA (pKd) value greater or equal to that of the co-crystallized small molecules.
This means that 26.9% of the targets recruited into this study identified by the software
of D'Emanuele (2019) produced complexes with Maltanedienol that had an affinity
greater or equal to those complexes formed by the same target complexed with the high

affinity small molecules described on the PDB (Bernstein et al., 1977).
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2.7 2D Topology Maps

2D topology maps showcase the ligand binding contacts between each optimal conformer
of Maltanedienol and its respective receptor. These maps act as guides and aid the
formation of seeds. Ligand binding maps were produced for each of the seven receptors

which were recruited for this study.

2.7.1 Docking Optimal Conformer of Maltanedienol to the apo receptor

Sybyl®-X v1.1 (Ash et al.,, 2010) was used to dock the optimal conformer of
Maltanedienol to its respective apo receptor. The apo receptor (M1) in PDB file format
and its respective optimal Maltanedienol conformer (M2) in .mol2 file format were
imported into Sybyl®-X v1.1 (Ash et al., 2010) and merged by using the command line
as follows - merge M2 M1. Then the complexed molecule was extracted as a PDB file.

This was repeated for the seven receptors recruited for this study.

2.7.2 Creating 2D Ligand Protein Contact Maps

Ligand protein contact maps were created using BIOVIA Discovery Studio Visualizer®
v20.1.” Each complex molecule produced in Section 2.7.1 was imported into this
programme. Using the ‘Receptor Ligand Interactions’ function, then clicking ‘show 2D
diagrams’, the 2D ligand protein maps were produced. These maps exhibited the critical

points of contact and the interaction forged between the optimal conformer of

7 Dassault Systemes. BIOVIA Discovery Studio Visualizer. Version 20.1 [software]. Dassault Systémes.
2020 [cited 2021 Jul 14; downloaded 2021 May 25]. Available from:
https://www.3dsbiovia.com/products/collaborative-science/biovia-discovery-studio/visualization-
download.php.
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Maltanedienol and its respective protein receptor. The topology maps created in each case

were saved and can be seen in Section 3.3.1.
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2.8 De novo Drug Design

2.8.1 Creating 3D maps of the LBP

De novo drug design was carried out using LigBuilder® v1.2 (Wang et al., 2000). This
programme allows the formation of LBP maps of the optimal conformer of Maltanedienol
when bound to its respective receptor. The POCKET algorithm of this software permits
the identification of pharmacophoric structural features and key site interaction of the apo

receptor structure.

In this study, each of the apo receptors were used in .pdb file format according to the

POCKET algorithm.

2.8.2 Creating Seed Structures
The 7 topology maps for each recruited receptor and its respective optimal Maltanedienol
conformer were created as described in Section 2.7 and used to guide the seed creation

process for de novo drug design.

Following the analysis of the 2D topology maps generated in BIOVIA Discovery Studio
Visualizer® v20.17, between 1 and 2 seed structures were created for each of the 7 optimal
conformers of Maltanedienol using Sybyl®-X (Ash et al., 2010). These seeds were

created by following the following steps:

7 Dassault Systemes. BIOVIA Discovery Studio Visualizer. Version 20.1 [software]. Dassault Systémes.
2020 [cited 2021 Jul 14; downloaded 2021 May 25]. Available from:
https://www.3dsbiovia.com/products/collaborative-science/biovia-discovery-studio/visualization-
download.php.
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Firstly looking at the areas on the 2D ligand protein contact maps which are
presenting unfavourable bumps.

The optimal conformer of Maltanedienol for its respective receptor (as determined
by conformational analysis) was imported into SYBYL®-X as a .mol2 file.

The side-chains which produced unfavorable bumps in the contact map were
removed by selecting the redundant atoms using the ‘Selection’ function and then
deleted.

The resulting molecule possessed an incomplete bond. This bond was altered into
H.spc atom, to guide the GROW algorithm in LigBuilder® v1.2 (Wang et al.,
2000) at the specified loci. By utilizing the ‘Modify atom’ function under ‘Edit —
Atom’ and choosing ‘only type’ and the H.spc option as atom type, the selected
atom was altered into an H.spc atom.

The seed structures were exported as .mol2 files and named sequentially as ‘PDB
ID seed number’, for example 2rbeseedl.

This process was repeated to create up to two successful seeds of each optimal

conformer of Maltanedienol for its respective receptor.

2.8.3 Sustained Growth of Seed Structures

LigBuilder® v1.2 (Wang et al., 2000) was utilised to generate novel structures built on

the seed scaffolds generated. The GROW algorithm was used to produce all 11 seed

structures, therefore the template followed was the grow.index file. The parameters

implicated when utilising the GROW algorithm in LigBuilder® v1.2 (Wang et al., 2000)

to produce novel structures and may be seen described in the Table 2.4.
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Table 2.4 Parameters used in the GROW algorithm in LigBuilder® v1.2 (Wang et al.,

2000) to generate de novo molecules.

Maximal Molecular Weight 600
Minimal Molecular Weight 300
Maximal LogP 6.00
Minimal LogP 3.00
Maximal Hb Donor Atom 6
Minimal Hb Donor Atom 2
Maximal Hb Acceptor Atom 6
Minimal Hb Acceptor Atom 2
Maximal pKd 10.00
Minimal pKd 5.00

When a seed sustained growth, the molecule could progress to the next step in the study.
The next step involved the PROCESS module in Ligbuilder® v1.2 (Wang et al., 2000),
to generate the population.lig and ligands.lig files to obtain the de novo molecules. Table
2.5 below outlines the parameters used for the PROCESS algorithm in LigBuilder® v1.2
(Wang et al., 2000). The PROCESS module was used to export the best novel structures
from the total number of molecules generated from the GROW algorithm. The results and

molecules were exported in a results.mdb folder.
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Table 2.5 Parameters used for the PROCESS algorithm in LigBuilder® v1.2 (Wang et

al., 2000).
Maximal Molecular Weight 500
Minimal Molecular Weight 200
Maximal LogP 5.00
Minimal LogP 2.00
Maximal pKd 10.00
Minimal pKd 1.00

The newly generated de novo molecules were filtered in Microsoft Excel (Excel, 2019)
to ensure Lipinski Rule compliance (Lipinski et al., 2001). The molecules were first
filtered by molecular weight (MW) and LogP from the data generated in LigBuilder®
v1.2 (Wang et al., 2000). Molecules which had a MW of more than 500 and/or a LogP

greater than 5 were filtered and removed from the results.

The results were then filtered by the number of H-bond donors and H-bond acceptors
using BIOVIA Discovery Studio Visualizer® v20.1” and BIOVIA Draw® v17.1.# Using
the filtered data, the resulting molecules were grouped according to family and affinity.
Three results from each family with the highest affinity were chosen and each of their H-

bond donors and H-bond acceptors were calculated. The chosen resultant molecule was

4 Dassault Systemes. BIOVIA Draw. Version 17.1 [software]. Dassault Systéemes. 2017 [cited 2021 Jul
14; downloaded 2021 May 25]. Available from: https://hts.c2b2.columbia.edu/draw/.

" Dassault Systemes. BIOVIA Discovery Studio Visualizer. Version 20.1 [software]. Dassault Systémes.
2020 [cited 2021 Jul 14; downloaded 2021 May 25]. Available from:
https://www.3dsbiovia.com/products/collaborative-science/biovia-discovery-studio/visualization-
download.php.
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opened in BIOVIA Discovery Studio Visualizer® v20.17 and saved as an MDL MOL/SD
file. This new created file was then opened in BIOVIA Draw® v17.1* and was saved as
a .mol2 file and the number of H-bond donors and H-bond acceptors was calculated from
the ‘Chemistry’ tab using the ‘Calculator’ function. The number of H-bond donors and

H-bond acceptors were inputted into the Microsoft Excel (Excel, 2019) sheet.

Table 2.6 Parameters set to filter the results from the molecules produced by LigBuilder®
v1.2 (Wang et al., 2000) in Microsoft Excel (Excel, 2019), according to Lipinski’s Rule

of 5 (Lipinski et al., 2001).

Parameter Value

Molecular Weight <500
LogP <5

Hydrogen Bond Acceptor (HBA) <10
Hydrogen Bond Donor (HBD) <5

4 Dassault Systemes. BIOVIA Draw. Version 17.1 [software]. Dassault Systéemes. 2017 [cited 2021 Jul
14; downloaded 2021 May 25]. Available from: https://hts.c2b2.columbia.edu/draw/.

" Dassault Systemes. BIOVIA Discovery Studio Visualizer. Version 20.1 [software]. Dassault Systémes.
2020 [cited 2021 Jul 14; downloaded 2021 May 25]. Available from:
https://www.3dsbiovia.com/products/collaborative-science/biovia-discovery-studio/visualization-
download.php.

67



Chapter 3

Results
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3.1 Estimating the LBA and LBE of Maltanedienol conformers

Conformational analysis was carried out, which consisted of docking Maltanedienol into
each of the 26 receptors’ LBP and allowing single bond rotations within the confines of
its perimeter. The twenty highest affinity conformers of Maltanedienol for its respective
receptor were identified and their LBA expressed as pKd and LBE in kcal/mol was
quantified in X-Score (Wang et al., 2002) and these values were utilised to produce line
graphs. In each case, the conformer number was identified as optimal based on having
the highest LBA (pKd) and the lowest LBE (kcal/mol), on the premise of a compromise

between affinity and energetic stability.

The following graphs depict the data described above, as well as show the optimal
conformer of Maltanedienol docked into each target receptor, proposed by the software
of D'Emanuele (2019) which were found on the PDB (Bernstein et al., 1977) and which

are involved in calcium fixation and/or bone remodelling.
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Prostaglandin E Synthase - 5T37
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Figure 3.1 Graph of LBA (pKd) on the primary y-axis and LBA (kcal/mol) on the
secondary y-axis vs Conformer Number on the x-axis for Maltanedienol docked into the

LBP of Prostaglandin E Synthase as described in PDB ID: 5T37.

Oestrogen Receptor - 3ERT
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Figure 3.2 Graph of LBA (pKd) on the primary y-axis and LBA (kcal/mol) on the
secondary y-axis vs Conformer Number on the x-axis for Maltanedienol docked into the

LBP of the Oestrogen Receptor as described in PDB ID: 3ERT.

70



Ligand Binding Affinity (LBA) (pKd

Glucocorticoid Receptor - INHZ
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Figure 3.3 Graph of LBA (pKd) on the primary y-axis and LBA (kcal/mol) on the
secondary y-axis vs Conformer Number on the x-axis for Maltanedienol docked into the

LBP of the Glucocorticoid Receptor as described in PDB ID: 1INHZ.

Sex Hormone-Binding Globulin - 1LHU
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Figure 3.4 Graph of LBA (pKd) on the primary y-axis and LBA (kcal/mol) on the
secondary y-axis vs Conformer Number on the x-axis for Maltanedienol docked into the

LBP of the Sex Hormone-Binding Globulin as described in PDB ID: 1LHU.
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Cholinesterase - 4AMOE
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Figure 3.5 Graph of LBA (pKd) on the primary y-axis and LBA (kcal/mol) on the
secondary y-axis vs Conformer Number on the x-axis for Maltanedienol docked into the

LBP of Cholinesterase as described in PDB ID: 4MOE.

Progesterone Receptor - 3ZR7
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Figure 3.6 Graph of LBA (pKd) on the primary y-axis and LBA (kcal/mol) on the
secondary y-axis vs Conformer Number on the x-axis for Maltanedienol docked into the

LBP of the Progesterone Receptor as described in PDB ID: 3ZR7.
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Ligand Binding Affinity (LBA) (pKd)

Insulin-Like Growth Factor 1 Receptor - 5FXS
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Figure 3.7 Graph of LBA (pKd) on the primary y-axis and LBA (kcal/mol) on the
secondary y-axis vs Conformer Number on the x-axis for Maltanedienol docked into the

LBP of the Insulin-Like Growth Factor 1 Receptor as described in PDB ID: 5FXS.

Mineralocorticoid Receptor - 2AA2
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Figure 3.8 Graph of LBA (pKd) on the primary y-axis and LBA (kcal/mol) on the
secondary y-axis vs Conformer Number on the x-axis for Maltanedienol docked into the

LBP of the Mineralocorticoid Receptor as described in PDB ID: 2AA2.
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Cytochrome P450 3A4 - 5VCC
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Figure 3.9 Graph of LBA (pKd) on the primary y-axis and LBA (kcal/mol) on the
secondary y-axis vs Conformer Number on the x-axis for Maltanedienol docked into the

LBP of the Cytochrome P450 3A4 as described in PDB ID: 5VCC.
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Figure 3.10 Graph of LBA (pKd) on the primary y-axis and LBA (kcal/mol) on the
secondary y-axis vs Conformer Number on the x-axis for Maltanedienol docked into the

LBP of the Androgen Receptor as described in PDB ID: 2PIV.
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Vitamin D3 Receptor - 3WO0A
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Figure 3.11 Graph of LBA (pKd) on the primary y-axis and LBA (kcal/mol) on the
secondary y-axis vs Conformer Number on the x-axis for Maltanedienol docked into the

LBP of the Vitamin D3 Receptor as described in PDB ID: 3WO0A.

Aromatase - 3EQM
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Figure 3.12 Graph of LBA (pKd) on the primary y-axis and LBA (kcal/mol) on the
secondary y-axis vs Conformer Number on the x-axis for Maltanedienol docked into the

LBP of Aromatase as described in PDB ID: 3EQM.
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Proto-Oncogene Tyrosine-Protein Kinase Src - AMXO
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Figure 3.13 Graph of LBA (pKd) on the primary y-axis and LBA (kcal/mol) on the
secondary y-axis vs Conformer Number on the x-axis for Maltanedienol docked into the

LBP of the Proto-Oncogene Tyrosine-Protein Kinase Src as described in PDB 1D: 4MXO.

Oestradiol 17-Beta-Dehydrogenase 1- 3HB4
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Figure 3.14 Graph of LBA (pKd) on the primary y-axis and LBA (kcal/mol) on the
secondary y-axis vs Conformer Number on the x-axis for Maltanedienol docked into the

LBP of Oestradiol 17-Beta-Dehydrogenase 1 as described in PDB ID: 3HBA4.
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Aldo-Keto Reductase Family 1 Member B1 - 4YU1
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Figure 3.15 Graph of LBA (pKd) on the primary y-axis and LBA (kcal/mol) on the
secondary y-axis vs Conformer Number on the x-axis for Maltanedienol docked into the

LBP of the Aldo-Keto Reductase Family 1 Member B1 as described in PDB ID: 4YUL.

Tyrosine-Protein Phosphatase Non-Receptor Type 1 - 1IECV
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Figure 3.16 Graph of LBA (pKd) on the primary y-axis and LBA (kcal/mol) on the
secondary y-axis vs Conformer Number on the x-axis for Maltanedienol docked into the
LBP of the Tyrosine-Protein Phosphatase Non-Receptor Type 1 as described in PDB ID:

1ECV.
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Ligand Binding Affinity (LBA) (pKd)

Acetylcholinesterase - 1VOT

== Ligand Binding Affinity (LBA) (pKd) Base Affinity (pKd) === Ligand Binding Energy (LBE) (kcal/mol)
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Figure 3.17 Graph of LBA (pKd) on the primary y-axis and LBA (kcal/mol) on the
secondary y-axis vs Conformer Number on the x-axis for Maltanedienol docked into the

LBP of Acetylcholinesterase as described in PDB ID: 1VOT.

Low Molecular Weight Phosphotyrosine Protein Phosphatase -
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Figure 3.18 Graph of LBA (pKd) on the primary y-axis and LBA (kcal/mol) on the
secondary y-axis vs Conformer Number on the x-axis for Maltanedienol docked into the
LBP of the Low Molecular Weight Phosphotyrosine Protein Phosphatase as described in

PDB ID: 5JNT.
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Corticosteroid 11-Beta-Dehydrogenase Isozyme 1 - 2RBE
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Figure 3.19 Graph of LBA (pKd) on the primary y-axis and LBA (kcal/mol) on the
secondary y-axis vs Conformer Number on the x-axis for Maltanedienol docked into the

LBP of the Corticosteroid 11-Beta-Dehydrogenase Isozyme 1 as described in PDB ID:

2RBE.
M-Phase Inducer Phosphatase 2 - 4WH9
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Figure 3.20 Graph of LBA (pKd) on the primary y-axis and LBA (kcal/mol) on the
secondary y-axis vs Conformer Number on the x-axis for Maltanedienol docked into the

LBP of the M-Phase Inducer Phosphatase 2 as described in PDB ID: 4WHO9.
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== Ligand Binding Affinity (LBA) (pKd)

Ligand Binding Affinity (LBA) (pKd)

Tyrosine-Protein Kinase Receptor UFO - 5U6B
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Figure 3.21 Graph of LBA (pKd) on the primary y-axis and LBA (kcal/mol) on the

secondary y-axis vs Conformer Number on the x-axis for Maltanedienol docked into the

LBP of the Tyrosine-Protein Kinase Receptor UFO as described in PDB ID: 5U6B.

Nitric Oxide Synthase Inducible - 3EG7
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Figure 3.22 Graph of LBA (pKd) on the primary y-axis and LBA (kcal/mol) on the

secondary y-axis vs Conformer Number on the x-axis for Maltanedienol docked into the

LBP of Nitric Oxide Synthase Inducible as described in PDB ID: 3EG7.
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Vascular Endothelial Growth Factor Receptor 2 - 1YWN
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Figure 3.23 Graph of LBA (pKd) on the primary y-axis and LBA (kcal/mol) on the
secondary y-axis vs Conformer Number on the x-axis for Maltanedienol docked into the

LBP of the Vascular Endothelial Growth Factor Receptor 2 as described in PDB ID:

1YWN.
Focal Adhesion Kinase 1 - 4GU6
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Figure 3.24 Graph of LBA (pKd) on the primary y-axis and LBA (kcal/mol) on the
secondary y-axis vs Conformer Number on the x-axis for Maltanedienol docked into the

LBP of the Focal Adhesion Kinase 1 as described in PDB ID: 4GU6.
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Peptidyl-Prolyl Cis-Trans Isomerase NIMA-Interacting 1 -

6DUN
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Figure 3.25 Graph of LBA (pKd) on the primary y-axis and LBA (kcal/mol) on the
secondary y-axis vs Conformer Number on the x-axis for Maltanedienol docked into the

LBP of Peptidyl-Prolyl Cis-Trans Isomerase NIMA-Interacting 1 as described in PDB

ID: 6DUN.
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Figure 3.26 Graph of LBA (pKd) on the primary y-axis and LBA (kcal/mol) on the
secondary y-axis vs Conformer Number on the x-axis for Maltanedienol docked into the

LBP of the Oestrogen Receptor Beta as described in PDB ID: 1L.2J.
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3.2 Comparison of LBA

Table 3.1 LBA (pKd) of the optimal conformers of Maltanedienol for its potential in vivo

targets (n=26) as identified by the datamining software of D'Emanuele (2019) whose

function

Is related to calcium fixation or bone remodelling and which are

crystallographically resolved on the PDB (Bernstein et al., 1977).

LBA (pKd) of
co-
Number PI%B Target Name I\L/Izibt\a(.rlloeﬁ?e)n%ﬁ Cry:;?;IIilsed
for this target molecule for
this target
1 5T37 | Prostaglandin E Synthase | 5.59 6.48
(PGES)
2 3ERT | Oestrogen Receptor 7.30 7.76
3 INHZ | Glucocorticoid Receptor 6.99 10.37
4 1LHU | Sex Hormone-Binding | 7.73 7.50
Globulin
5 4AMOE | Cholinesterase 4.53 6.8
6 3ZR7 | Progesterone Receptor 7.19 7.05
7 5FXS | Insulin-Like Growth Factor 1 | 6.40 7.81
Receptor
8 2AA2 | Mineralocorticoid Receptor 7.53 10.12
9 5VCC | Cytochrome P450 3A4 6.59 6.33
10 2PIV | Androgen Receptor 6.19 9.28
11 3WOA | Vitamin D3 Receptor 7.46 8.92
12 3EQM | Aromatase 7.14 13.15
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13 4MXO | Proto-Oncogene  Tyrosine- | 6.98 9.17
Protein Kinase Src

14 3HB4 | Oestradiol 17-Beta- | 7.58 8.22
Dehydrogenase 1

15 4YU1l | Aldo-Keto Reductase Family | 7.97 11.93
1 Member B1

16 1ECV | Tyrosine-Protein Phosphatase | 6.90 7.18
Non-Receptor Type 1

17 1VOT | Acetylcholinesterase 7.11 6.45

18 5JNT | Low Molecular Weight | 6.33 5.32
Phosphotyrosine Protein
Phosphatase

19 2RBE | Corticosteroid 11-Beta- | 7.59 591
Dehydrogenase Isozyme 1

20 4WH9 | M-Phase Inducer Phosphatase | 6.21 7.60
2

21 5U6B | Tyrosine-Protein Kinase | 6.53 16.92
Receptor UFO

22 3E7G | Nitric  Oxide  Synthase, | 6.75 7.26
Inducible

23 1YWN | Vascular Endothelial Growth | 6.90 7.92
Factor Receptor 2

24 4GU6 | Focal Adhesion Kinase 1 6.84 10.43
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25 6DUN | Peptidyl-Prolyl Cis-Trans | 5.88 4.09
Isomerase NIMA-Interacting
1

26 1L2J Oestrogen Receptor Beta 7.10 11.39

Table 3.2 LBA (pKd) of the optimal conformers of Maltanedienol for its potential in vivo

targets (n=7), as identified by the data mining software of D'Emanuele (2019) which are

crystallographically resolved on the PDB (Bernstein et al., 1977) and which had a LBA

(pKd) of Maltanedienol for its specific target which is greater than that of the bound small

molecule for its specific target.

LBA (pKd) of co-
PDB Target Name LBA (pI_<d) of crystallised small
ID Maltanedienol for .
. molecule for this
this target
target
1LHU | Sex Hormone-Binding Globulin | 7.73 7.50
3ZR7 | Progesterone Receptor 7.19 7.05
5VCC | Cytochrome P450 3A4 6.59 6.33
1VOT | Acetylcholinesterase 7.11 6.45
5INT | Low Molecular Weight | 6.33 5.32
Phosphotyrosine Protein
Phosphatase
2RBE | Corticosteroid 11-Beta- | 7.59 591
Dehydrogenase Isozyme 1
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6DUN

Peptidyl-Prolyl Cis-Trans

Isomerase NIMA-Interacting 1

5.88

4.09

Table 3.3 Potential in vivo targets (n=19) for Maltanedienol, as identified by the

datamining software of D'Emanuele (2019) which are crystallographically resolved the

PDB (Bernstein et al., 1977) and which have a LBA (pKd) of Maltanedienol for its

specific target which is smaller than that of the bound small molecule for its specific

target.
LBA (pKd) of co-
PDB Target Name LBA (pI_<d) of crystallised small
ID Maltanedienol for .
: molecule for this
this target
target
5T37 Prostaglandin E  Synthase | 5.59 6.48
(PGES)
3ERT | Oestrogen Receptor 7.30 7.76
INHZ | Glucocorticoid Receptor 6.99 10.37
4AMOE | Cholinesterase 4.53 6.8
5FXS | Insulin-Like Growth Factor 1 | 6.40 7.81
Receptor
2AA2 | Mineralocorticoid Receptor 7.53 10.12
2PIV | Androgen Receptor 6.19 9.28
3WOA | Vitamin D3 Receptor 7.46 8.92
3EQM | Aromatase 7.14 13.15
4MXO | Proto-Oncogene Tyrosine- | 6.98 9.17
Protein Kinase Src
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3HB4 | Oestradiol 17-Beta- | 7.58 8.22
Dehydrogenase 1

4YU1l | Aldo-Keto Reductase Family 1 | 7.97 11.93
Member B1

1ECV | Tyrosine-Protein Phosphatase | 6.90 7.18
Non-Receptor Type 1

4WH9 | M-Phase Inducer Phosphatase | 6.21 7.60
2

5U6B | Tyrosine-Protein Kinase | 6.53 16.92
Receptor UFO

1YWN | Vascular Endothelial Growth | 6.90 7.92
Factor Receptor 2

4GU6 | Focal Adhesion Kinase 1 6.84 10.43

1L2] Oestrogen Receptor Beta 7.10 11.39

3E7G | Nitric Oxide Synthase, | 6.75 7.26

Inducible
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3.3 De novo Growth

3.3.1 2D Ligand Protein Contact Maps
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Figure 3.27 2D topology map describing the critical ligand binding interactions forged
between Maltanedienol and the amino acids lining the LBP as described in PDB ID:

1LHU generated in BIOVIA Discovery Studio Visualizer® v20.1.’

" Dassault Systémes. BIOVIA Discovery Studio Visualizer. Version 20.1 [software]. Dassault Systemes.
2020 [cited 2021 Jul 14; downloaded 2021 May 25]. Available from:
https://www.3dsbiovia.com/products/collaborative-science/biovia-discovery-studio/visualization-
download.php.
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Figure 3.28 2D topology map describing the critical ligand binding interactions forged

between Maltanedienol and the amino acids lining the LBP as described in PDB ID: 3ZR7

generated in BIOVIA Discovery Studio Visualizer® v20.1.”

7 Dassault Systemes. BIOVIA Discovery Studio Visualizer. Version 20.1 [software]. Dassault Systémes.

2020 [cited 2021 Jul 14; downloaded 2021 May 25]. Available from:

https://www.3dsbiovia.com/products/collaborative-science/biovia-discovery-studio/visualization-

download.php.
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Figure 3.29 2D topology map describing the critical ligand binding interactions forged
between Maltanedienol and the amino acids lining the LBP as described in PDB ID:

5VCC generated in BIOVIA Discovery Studio Visualizer® v20.1.

" Dassault Systémes. BIOVIA Discovery Studio Visualizer. Version 20.1 [software]. Dassault Systemes.
2020 [cited 2021 Jul 14; downloaded 2021 May 25]. Available from:
https://www.3dsbiovia.com/products/collaborative-science/biovia-discovery-studio/visualization-
download.php.
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Interactions

- Unfavorable Bump I:I Fi-alkyl

I:I Water Hydrogen Bond

Figure 3.30 2D topology map describing the critical ligand binding interactions forged
between Maltanedienol and the amino acids lining the LBP as described in PDB ID:

1VOT generated in BIOVIA Discovery Studio Visualizer® v20.1.

" Dassault Systémes. BIOVIA Discovery Studio Visualizer. Version 20.1 [software]. Dassault Systemes.
2020 [cited 2021 Jul 14; downloaded 2021 May 25]. Available from:
https://www.3dsbiovia.com/products/collaborative-science/biovia-discovery-studio/visualization-
download.php.
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I:I Water Hydrogen Bond I:I Pi-Alkyl

Figure 3.31 2D topology map describing the critical ligand binding interactions forged
between Maltanedienol and the amino acids lining the LBP as described in PDB ID: 5JNT

generated in BIOVIA Discovery Studio Visualizer® v20.1.”

" Dassault Systémes. BIOVIA Discovery Studio Visualizer. Version 20.1 [software]. Dassault Systemes.
2020 [cited 2021 Jul 14; downloaded 2021 May 25]. Available from:
https://www.3dsbiovia.com/products/collaborative-science/biovia-discovery-studio/visualization-
download.php.
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Figure 3.32 2D topology map describing the critical ligand binding interactions forged
between Maltanedienol and the amino acids lining the LBP as described in PDB ID:

2RBE generated in BIOVIA Discovery Studio Visualizer® v20.1."

" Dassault Systémes. BIOVIA Discovery Studio Visualizer. Version 20.1 [software]. Dassault Systemes.
2020 [cited 2021 Jul 14; downloaded 2021 May 25]. Available from:
https://www.3dsbiovia.com/products/collaborative-science/biovia-discovery-studio/visualization-

download.php.
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Interactions

- Unfavorable Bump D Alkyl
- Conventional Hydrogen Bond D Pi-Alkyl

Figure 3.33 2D topology map describing the critical ligand binding interactions forged
between Maltanedienol and the amino acids lining the LBP as described in PDB ID:

6DUN generated in BIOVIA Discovery Studio Visualizer® v20.1.”

7 Dassault Systemes. BIOVIA Discovery Studio Visualizer. Version 20.1 [software]. Dassault Systémes.
2020 [cited 2021 Jul 14; downloaded 2021 May 25]. Available from:
https://www.3dsbiovia.com/products/collaborative-science/biovia-discovery-studio/visualization-
download.php.

94



3.3.2 Seed Structures

A range of 1-2 seeds were created for each optimal conformer of Maltanedienol for its
respective receptor (n=7) in Sybyl®-X v1.1. The sticks seen in light blue represent the

growing sites in each seed molecules, where directed user growth occurs.

Table 3.4 Seed molecules of Maltanedienol for the Acetylcholinesterase Receptor (PDB
1VOT) with selected H.spc atoms represented by a light blue stick, capable of sustaining

molecular growth. Seeds were generated in Sybyl®-X v1.1 (Ash et al., 2010).

Seed Name Seed Structure

1votseed10
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Table 3.5 Seed molecules of Maltanedienol for the Corticosteroid 11-Beta-
Dehydrogenase Isozyme 1 (PDB 2RBE) with selected H.spc atoms represented by a light

blue stick, capable of sustaining molecular growth. Seeds were generated in Sybyl®-X

v1.1 (Ashetal., 2010).

Seed Name Seed Structure

2rbeseed?

2rbeseed?7
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Table 3.6 Seed molecules of Maltanedienol for the Low Molecular Weight
Phosphotyrosine Protein Phosphatase (PDB 5JNT) with selected H.spc atoms represented
by a light blue stick, capable of sustaining molecular growth. Seeds were generated in

Sybyl®-X v1.1 (Ash et al., 2010).

Seed Name | Seed Structure

5jntseed5

5jntseed6
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Table 3.7 Seed molecules of Maltanedienol for the Peptidyl-Prolyl Cis-Trans Isomerase
NIMA-Interacting 1 (PDB 6DUN) with selected H.spc atoms represented by a light blue
stick, capable of sustaining molecular growth. Seeds were generated in Sybyl®-X v1.1

(Ash et al., 2010).

Seed Name Seed Structure

6dunseed?

6dunseed8
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Table 3.8 Seed molecules of Maltanedienol for the Progesterone Receptor (PDB 3ZR7)
with selected H.spc atoms represented by a light blue stick, capable of sustaining

molecular growth. Seeds were generated in Sybyl®-X v1.1 (Ash et al., 2010).

Seed Name Seed Structure

3zr7seed7

3zr7seed8
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Table 3.9 Seed molecules of Maltanedienol for the Sex Hormone-Binding Globulin (PDB
1LHU) with selected H.spc atoms represented by a light blue stick, capable of sustaining

molecular growth. Seeds were generated in Sybyl®-X v1.1 (Ash et al., 2010).

Seed Name | Seed Structure

1lhuseed?7

1lhuseed8

The pharmacophoric space within the LBP of the Cytochrome P450 3A4 (PDB ID 5VCC)
was not hospitable to molecular growth using the Maltanedienol based modelled seed
structures. This was probably due to steric hindrance and amino acid non

complementarity.
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3.3.3 Ligands Generated by Structure-Based Drug Design

Below are tables for each seed structure created. The 3D structures are rendered in
BIOVIA Discovery Studio Visualizer® v20.1 whilst the 2D structures are rendered in
BIOVIA Draw® v17.1.% The characteristics of each molecule include family, molecular
formula (MF), MW, LogP, affinity (pKd), chemical score (CS), hydrogen acceptor count

(HAC) and hydrogen donor count (HDC).

Table 3.10 The highest affinity molecule generated from each family for the

Acetylcholinesterase Receptor (PDB 1VOT) 1votseed10.

3D Structure 2D Structure Characteristics

Family <1>

MF:
H C23H24NO4
H MW 378
LogP 4.79

H H
\ Mo Affinity (pKd):
[, w

/ H 7.6

”"L CS -20
H
/ HAC 4
||—'—|

H HDC 2

7 Dassault Systemes. BIOVIA Discovery Studio Visualizer. Version 20.1 [software]. Dassault Systémes.
2020 [cited 2021 Jul 14; downloaded 2021 May 25]. Available from:
https://www.3dsbiovia.com/products/collaborative-science/biovia-discovery-studio/visualization-
download.php.

4 Dassault Systemes. BIOVIA Draw. Version 17.1 [software]. Dassault Systémes. 2017 [cited 2021 Jul
14; downloaded 2021 May 25]. Available from: https://hts.c2b2.columbia.edu/draw/.
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049

054

Family <2>
MF
C25H25N205
MW 433
LogP 3.62
Affinity (pKd)
6.58
CS -40
HAC 5
HDC 3

Family <3>
MF
C27H30NO4
MW 432
LogP 4.95
Affinity (pKd)
6.58
CS -40
HAC 4
HDC 2
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057

065

IT

Family <4>
MF
C23H24NO0O4
MW 378
LogP 4.45
Affinity (pKd)
6.44
CS -20
HAC 4
HDC 1

Family <5>
MF
C24H28NO3
MW 378
LogP 4.68
Affinity (pKd)
6.17
CS -20
HAC 3
HDC 1
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073

Family <6>
MF
C24H26N0O4
MW 392
LogP 4.38
Affinity (pKd)
5.97
CS -20
HAC 4
HDC 2

Family <7>
MF
C24H29NO4
MW 395
LogP 4.63
Affinity (pKd)
5.88
CS -20
HAC 4
HDC 1
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091

093

096

Family <8>
MF
C29H35N205
MW 491
LogP 3.63
Affinity (pKd)
5.84
CS -60
HAC 6
HDC 2

Family <9>
MF
C18H25N03
MW 303
LogP 3.64
Affinity (pKd)
5.54
CS -20
HAC 3
HDC 1

Family <10>
MF
C24H22NO0O4
MW 388
LogP 3.38
Affinity (pKd)
5.46
CS -20
HAC 14
HDC 2
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098

Family <11>
MF
C20H31N203
MW 347
LogP 3.32
Affinity (pKd)
5.44
CS -40
HAC 3
HDC 2

Table 3.11 The highest affinity molecule generated from each family for the

Corticosteroid 11-Beta-Dehydrogenase Isozyme 1 (PDB 2RBE) 2rbeseed?2.

Res-
ult

014

3D Structure

2D Structure

Characteristics

Family <2>
MF
C24H41NO3
MW 391
LogP 4.68
Affinity (pKd)
9.13
CS -170
HAC 3
HDC 3
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053

063

Family <3>
MF
C28H51N403
MW 491
LogP 3.4
Affinity (pKd)
8.95
CS -170
HAC 3
HDC 5

Family <4>
MF
C28H51N205
MW 495
LogP 3.65
Affinity (pKd)
9.38
CS -190
HAC 5
HDC 5
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083

110

Family <5>
MF
C28H47N304
MW 489
LogP 4.81
Affinity (pKd)
8.5
CS -190
HAC 4
HDC 4

Family <6>
MF
C24H43N302
MW 405
LogP 4.33
Affinity (pKd)
8.93
CS -170
HAC 2
HDC 4
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135

179

Family <8>
MF
C27H50N503
MW 492
LogP 3.39
Affinity (pKd)
8.75
CS -170
HAC 3
HDC 6

Family <12>
MF
C28H50N302
MW 460
LogP 4.38
Affinity (pKd)
6.79
CS -210
HAC 3
HDC 3
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Table 3.12 The highest affinity molecule generated from each family for the

Corticosteroid 11-Beta-Dehydrogenase Isozyme 1 (PDB 2RBE) 2rbeseed?7.

Res-

ult 3D Structure 2D Structure Characteristics

Family <2>
MF
C30H47N204
MW 499
LogP 4.59
Affinity (pKd)
9.49
CS -150
HAC 4
HDC 5

012

Family <3>
MF
C30H47N204
MW 499
LogP 4.46
Affinity (pKd)
8.04
CS -190
HAC 4
HDC 5

049
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140

156

Family <7>
MF
C28H42N304
MW 484
LogP 3.6
Affinity (pKd)
8.22
CSs -170
HAC 4
HDC 5

Family <8>
MF
C29H43N204
MW 483
LogP 4.77
Affinity (pKd)
9.21
CS  -150
HAC 4
HDC 4
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177

Family <9>
MF
C28H47N303
MW 473
LogP 4.45
Affinity (pKd)
7.64
CSs -170
HAC 3
HDC 5

Table 3.13 The highest affinity molecule generated from each family for the Low

Molecular Weight Phosphotyrosine Protein Phosphatase (PDB 5JNT) 5jntseed5.

Res-
ult

001

3D Structure

2D Structure

Characteristics

Family <1>
MF
C23H29NO2
MW 351
LogP 4.08
Affinity
(PKd)
8.46
CsS -70
HAC 2
HDC 1
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073

099

Family <2>
MF
C25H24N205
MW 432
LogP 3.29
Affinity
(pKd)
6.77
CS -20
HAC 5
HDC 3

Family <3>
MF
C25H39N203
MW 415
LogP 3.39
Affinity
(PKd)
7.73
CS -100
HAC 3
HDC 2

Family <4>
MF
C24H26N203
MW 390
LogP 4.97
Affinity(pKd)
7.15
CS -40
HAC 3
HDC 3
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128

186

Family <5>
MF
C24H36N203
MW 400
LogP 4.81
Affinity
(pKd)
7.53
CS -50
HAC 3
HDC 2

Family <6>
MF
C26H34N203
MW 422
LogP 3.41
Affinity
(pKd)
7.46
CS -30
HAC 3
HDC 2

Family <7>
MF
C26H31NO5
MW 437
LogP 4.41
Affinity(pKd)
7.34
CS -40
HAC 5
HDC 4
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191

193

200

Family <8>
MF
C26H31N304
MW 449
LogP 4.12
Affinity
(PKd)
6.96
CS -80
HAC 4
HDC 2

Family <9>
MF
C20H35N02
MW 321
LogP 4.82
Affinity
(PKd)
6.79
CS -20
HAC 2
HDC 1

Family <11>
MF
C22H26NO
MW 320
LogP 4.93
Affinity
(PKd)
6.08
CS -20
HAC 1
HDC 1
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Table 3.14 The highest affinity molecule generated from each family for the Low

Molecular Weight Phosphotyrosine Protein Phosphatase (PDB 5JNT) 5jntseed®6.

Res-

ult 3D Structure 2D Structure Characteristics

Family <1>
MF
C28H30N206
MW 490
LogP 3.16
Affinity (pKd)
8.11
CS -60
HAC 6
HDC 5

011

Family <2>
MF
C27H30NO6
MW 464
LogP 4.86
Affinity (pKd)

8.19
CS -50
HAC 6
HDC 3

045
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114

153

Family <3>
MF
C27H39N304
MW 469
LogP 4.93
Affinity (pKd)
8.03
CsS -30
HAC 4
HDC 4

Family <56>
MF
C28H3
3N204
MW 461
LogP 3.48
Affinity (pKd)
8.5
CS -40
HAC 4
HDC 4
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Family <6>
MF
C28H36N206
MW 496
LogP 4.09
Affinity (pKd)
8
CS -60
HAC 6
HDC 5

198

Table 3.15 The highest affinity molecule generated from each family for the Peptidyl-

Prolyl Cis-Trans Isomerase NIMA-Interacting 1 (PDB 6DUN) 6dunseed?.

Res-

ult 3D Structure 2D Structure Characteristics

Family <1>
MF
C17H2405
MW 308
LogP 3.97
Affinity (pKd)
7.89
CS -50
HAC 5
HDC 2

001
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054

113

Family <2>
MF
C20H2604
MW 330
LogP 3.49
Affinity (pKd)
7.68
Ccs -70
HAC 4
HDC 1

Family <3>
MF
C20H3004
MW 334
LogP 4.61
Affinity (pKd)
7.58
Cs -20
HAC 4
HDC 2

Family <4>
MF
C19H3004
MW 322
LogP 4.59
Affinity (pKd)
7.31
CS  -100
HAC 4
HDC 2
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142

177

187

Family <5>
MF
C21H3004
MW 346
LogP 4.41
Affinity (pKd)
7.39
CS -60
HAC 4
HDC 1

Family <6>
MF
C18H28NO3
MW 306
LogP 4.21
Affinity (pKd)
6.82
Cs -20
HAC 3
HDC 2

Family <7>
MF
C18H26NO3
MW 304
LogP 4.03
Affinity (pKd)
6.17
Cs -30
HAC 3
HDC 2
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Table 3.16 The highest affinity molecule generated from each family for the Peptidyl-

Prolyl Cis-Trans Isomerase NIMA-Interacting 1 (PDB 6DUN) 6dunseed8.

Ffﬁi 3D Structure 2D Structure Characteristics

Family <1>
MF
C22H3004
MW 358
LogP 3.12
Affinity (pKd)
6.86
CS -110
HAC 4
HDC 1

001

Family <2>
MF
C18H25N0O5
MW 335
LogP 4.06
Affinity (pKd)

6.75
CS -40
HAC 5
HDC 1

027

Family <3>
MF
C19H2603
MW 302
LogP 4.2
Affinity (pKd)
6.34
CS -40
HAC 3

075
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092

139

142

HDC 1

Family <4>
MF
C20H2802
MW 300
LogP 4.83
Affinity (pKd)
6.56
CS -90
HAC 2
HDC 0

Family <5>
MF
C21H29NO3
MW 343
LogP 3.34
Affinity (pKd)
6.27
CS -50
HAC 3
HDC 1

Family <6>
MF
C17H21INO4
MW 303
LogP 3.41
Affinity (pKd)
6.21
CS -20
HAC 4
HDC 0
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143

149

Family <7>
MF
C20H2802
MW 300
LogP 4.94
Affinity (pKd)
6.16
Cs -30
HAC 2
HDC 0

Family <8>
MF
C20H2802
MW 300
LogP 4.98
Affinity (pKd)
5.9
CS -40
HAC 2
HDC 0
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Table 3.17 The highest affinity molecule generated from each family for the Progesterone

Receptor (PDB 3ZR7) 3zr7seed?.

Res-
ult

3D Structure

2D Structure

Characteristics

Family <1>
MF
C22H31N20
MW 339
LogP 4.92
Affinity (pKd)
9.23
CS -40
HAC 1
HDC 2

Family <2>
MF
C24H35N30
MW 381
LogP 4.86
Affinity (pKd)
8.45
CS -60
HAC 1
HDC 4
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117

171

Family <3>
MF
C21H30N20
MW 326
LogP 4.98
Affinity (pKd)
8.77
CS -60
HAC 1
HDC 3

Family <4>
MF
C22H31NO4
MW 373
LogP 3.6
Affinity (pKd)
8.01
CS -80
HAC 4
HDC 3

Family <5>
MF
C20H2103
MW 309
LogP 4.54
Affinity (pKd)
8.19
CS -40
HAC 3
HDC 2
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Table 3.18 The highest affinity molecule generated from each family for the Progesterone

Receptor (PDB 3ZR7) 3zr7seed8.

Res-

ult 3D Structure 2D Structure Characteristics

Family <1>
MF
C21H3002
MW 314
LogP 4.97
Affinity (pKd)
9.39
CS -120
HAC 2
HDC 1

001

Family <2>
MF
C21H2802
MW 312
LogP 4.45
Affinity (pKd)
7.98
CS -120
HAC 2
HDC 1

014
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028

030

041

Family <3>
MF
C21H31NO3
MW 345
LogP 3.3
Affinity (pKd)
6.06
CS -120
HAC 3
HDC 2

Family <4>
MF
C21H3002
MW 314
LogP 4.97
Affinity (pKd)
8.72
CS -120
HAC 2
HDC 1

Family <5>
MF
C20H2802
MW 300
LogP 4.68
Affinity (pKd)
8.05
CS -100
HAC 2
HDC 1
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046

055

071

Family <6>
MF
C21H3002
MW 314
LogP 4.53
Affinity (pKd)
8.53
CS -120
HAC 2
HDC 1

Family <7>
MF
C22H3
002

MW 326

LogP 4.91

Affinity (pKd)

7.89

CS  -140

HAC 2

HDC 1

Family <8>
MF
C19H2803
MW 304
LogP 4.03
Affinity (pKd)
7.34
CS -120
HAC 3
HDC 1
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079

099

Family <9>
MF
C22H32NO3
MW 358
LogP 3.21
Affinity (pKd)
7.3
CS  -140
HAC 3
HDC 2

Family <10>
MF
C23H3203
MW 356
LogP 3.99
Affinity (pKd)
6.96
CS -120
HAC 3
HDC 1

Family <11>
MF
C28H3603
MW 420
LogP 4.95
Affinity (pKd)
6.6
CS -220
HAC 3
HDC 1
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103

105

106

Family <13>
MF
C19H32NO2
MW 306
LogP 3.39
Affinity (pKd)
6.02
CS  -140
HAC 2
HDC 2

Family <14>
MF
C19H29NO3
MW 319
LogP 34
Affinity (pKd)
5.97
CS -120
HAC 3
HDC 1

Family <15>
MF
C22H36NO3
MW 362
LogP 3.19
Affinity (pKd)
5.83
CS -160
HAC 3
HDC 3
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Table 3.19 The highest affinity molecule generated from each family for the Sex

Hormone-Binding Globulin (PDB 1LHU) 1lhuseed?.

Res-

ult 3D Structure 2D Structure Characteristics

Family <1>
MF
C19H2603
MW 302
LogP 4.72
Affinity (pKd)
8.41
CS  -100
HAC 3
HDC 1

006

Family <2>
MF
C21H2802
MW 312
LogP 4.71
Affinity (pKd)
9.11
CS -120
HAC 2
HDC 1

017

Family <3>
MF
C22H2802
MW 324
LogP 4.66
Affinity (pKd)
8.82
CS -120
HAC 2

029
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055

077

083

HDC 1

Family <4>
MF
C21H3002
MW 314
LogP 4.52
Affinity (pKd)
8.39
CS  -100
HAC 2
HDC 1

Family <5>
MF
C23H3002
MW 338
LogP 4.82
Affinity (pKd)
8.18
CS -130
HAC 2
HDC 1

Family <6>
MF
C20H2802
MW 300
LogP 4.98
Affinity (pKd)
8.75
CS  -100
HAC 2
HDC 1
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105

117

Family <7>
MF
C21H3002
MW 314
LogP 4.95
Affinity (pKd)
8.3
CS -100
HAC 2
HDC 1

Family <8>
MF
C20H2802
MW 300
LogP 4.46
Affinity (pKd)
7.66
CS  -100
HAC 2
HDC 1

H—0

Family <9>
MF
C20H3002
MW 302
LogP 4.92
Affinity (pKd)
7.65
CS -100
HAC 2
HDC 1
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122

130

135

Family <10>
MF
C21H3002
MW 314
LogP 4.91
Affinity (pKd)
8.12
CS -100
HAC 2
HDC 1

Family <11>
MF
C22H3002
MW 326
LogP 4.96
Affinity (pKd)
8.52
CS -120
HAC 2
HDC 1

Family <12>
MF
C21H3002
MW 314
LogP 4.72
Affinity (pKd)
8.17
CS -150
HAC 2
HDC 1
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170

173

Family <13>
MF
C20H3003
MW 318
LogP 4.48
Affinity (pKd)
7.33
CS -120
HAC 3
HDC 1

Family <14>
MF
C19H2803
MW 304
LogP 4.19
Affinity (pKd)
6.62
CS  -100
HAC 3
HDC 1

Family <15>
MF
C21H2802
MW 312
LogP 4.95
Affinity (pKd)
7.2
CsS -170
HAC 2
HDC 1

135




181

187

193

Family <16>
MF
C19H2804
MW 320
LogP 4.49
Affinity (pKd)
7.77
CS  -140
HAC 4
HDC 2

Family <17>
MF
C21H3002
MW 314
LogP 4.99
Affinity (pKd)
7.52
CS  -100
HAC 2
HDC 1

Family <18>
MF
C23H3202
MW 340
LogP 4.65
Affinity (pKd)
7.53
CsS -170
HAC 2
HDC 1
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198

Family <19>
MF
C20H2802
MW 300
LogP 4.41
Affinity (pKd)
6.88
CS -150
HAC 2
HDC 1

Family <21>
MF
C21H2602
MW 310
LogP 4.7
Affinity (pKd)
6.34
CS -180
HAC 2
HDC 1
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Table 3.20 The highest affinity molecule generated from each family for the Sex

Hormone-Binding Globulin (PDB 1LHU) 1lhuseed8.

Res-

ult 3D Structure 2D Structure Characteristics

Family <1>
MF
C22H3403
MW 346
LogP 3.68
Affinity (pKd)
7.19
CS -40
HAC 3
HDC 2

007

Family <2>
MF
C21H3002
MW 314
LogP 4.49
Affinity (pKd)
7.62
Heoof CS  -40
HAC 2
HDC 1

012
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036

038

046

Family <3>
MF
C26H3604
MW 412
LogP 3.84
Affinity (pKd)
5.59
CS  -200
HAC 4
HDC 2

H—O

Family <4>
MF
C21H2802
MW 312
LogP 4.42
Affinity (pKd)
7.52
CS -40
HAC 2
HDC 1

Family <5>
MF
C20H3002
MW 302
LogP 4.51
Affinity (pKd)
6.26
CS -80
HAC 2
HDC 1
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048

050

056

Family <6>
MF
C22H2802
MW 324
LogP 4.56
Affinity (pKd)
6.94
CS -60
HAC 2
HDC 1

H—0O

Family <7>
MF
C21H2802
MW 312
LogP 4.32
Affinity (pKd)
6.8
CS -40
HAC 2
HDC 1

Family <8>
MF
C19H2803
MW 304
LogP 4.47
Affinity (pKd)
6.44
CS -60
HAC 3
HDC 1
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Chapter 4

Discussion
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This is both an exploratory and a validation study. It seeks, on one hand, to identify the
receptors for which Maltanedienol has the highest LBA (pKd) and to investigate these as
the possible in vivo targets for this molecule, from a calcium deposition perspective. It
seeks furthermore, once in vitro studies are carried out, to assess the utility of the software
proposed by D'Emanuele (2019) as a predictive tool for the identification of hitherto

unidentified in vivo targets using a ligand-based approach.

This study is an extrapolation of the findings of D'Emanuele (2019) which, based on the
structure of Maltanedienol identified structurally, morphologically and electronically
similar molecules from the ChEMBL® (Bento et al., 2014) database. The 59 receptor
targets, identified by the data mining software of D'Emanuele (2019), were filtered based
on whether their function was related to calcium fixation or bone remodelling. This
resulted in 36 potential targets. This step was carried out since Maltanedienol has been
identified from the alga Padina pavonica and in vivo studies have shown that this species
is capable of synthesising and releasing a substance that has a positive effect on calcium

fixation, through its fronds.

Only 26 of the 36 endogenous recruited targets were crystallographically described on
the PDB (Bernstein et al., 1977) and thus represented the target cohort considered in this
study. For each recruited target complex, the small cognate molecule was extracted from
its LBP using Sybyl®-X v1.1 (Ash et al., 2010) and the mutual affinity calculated utilising
X-Score v1.3 (Wang et al., 2002). Since no information regarding the possible bioactive
conformation of Maltanedienol within the 26 apo targets was available, conformational
analysis was performed in each case using Sybyl®-X v1.1 (Ash et al., 2010), to identify

the optimal conformer of Maltanedienol within the LBP. The LBA (pKd) and LBE
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(kcal/mol) were calculated for each conformer of each target receptor using X-Score v1.3
(Wang et al., 2002). LBA (pKd) and LBE (kcal/mol) were plotted on the y-axis of a line
graph against conformer number, on the x-axis. The conformer with the greatest peak
height difference between LBA (pKd) and LBE (kcal/mol) was the optimal conformer
and identified as the most likely bioactive scaffold based on high affinity and greatest

stability.

The LBA (pKd) of the optimal conformer of Maltanedienol for each receptor was
compared to that of the endogenous small molecule for the same receptor. For those cases
where the affinity of the optimal conformer of Maltanedienol was greater than that of the
endogenous small molecule, a predicted case could be made for the optimal conformer of
Maltanedienol binding to the target preferentially in a competitive scenario. This step
filtered the study down to the following 7 receptors:

e 1L HU: Sex Hormone-Binding Globulin

e 3ZRT: Progesterone Receptor

e 5VCC: Cytochrome P450 3A4

e 1VOT: Acetylcholinesterase

e 5JNT: Low Molecular Weight Phosphotyrosine Protein Phosphatase

e 2RBE: Corticosteroid 11-Beta-Dehydrogenase I1sozyme 1

o 6DUN: Peptidyl-Prolyl Cis-Trans Isomerase NIMA-Interacting 1

Sybyl®-X v1.1 (Ash et al., 2010) was used to dock the optimal conformer of
Maltanedienol to its respective apo receptor. 2D topology maps were created to describe
ligand binding contacts between each optimal conformer of Maltanedienol and its

respective receptor. These maps were produced in BIOVIA Discovery Studio
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Visualizer® v20.17 for each of the seven receptors which were recruited for this study

and were used to guide the seed creation process for de novo drug design.

The de novo approach allowed for the design of seed structures. Seed structures were
created for each of the 7 optimal conformers of Maltanedienol using Sybyl®-X v1.1 (Ash
etal., 2010). LigBuilder® v1.2 (Wang et al., 2000) was used to generate novel structures
built on the seed scaffolds generated using the GROW algorithm. The pharmacophoric
space within the LBP of the Cytochrome P450 3A4 (PDB 5VCC) was not hospitable to
molecular growth using the Maltanedienol based modelled seed structures. This was
probably due to steric hindrance and amino acid non-complementarity. This meant that a
total of 6 receptors was ultimately used in this de novo study. As previously outlined in
Section 2.8 of the methodology, the de novo designed Lipinski Rule compliant molecules

were grouped according to pharmacophoric similarity and ranked in order of affinity.

This discussion will give special attention to the results obtained when the PR was the
target receptor. This is because there is a substantial body of literature that supports the
notion that the PR is involved in bone remodelling and calcium fixation. Various studies
have indicated, furthermore, that the significant role that the PR potentially plays in bone
remodelling must be further studied in the context of it being a novel target for the

management of osteoporosis (Kot et al., 2017; Prior, 2018; Yao et al., 2010).

7 Dassault Systemes. BIOVIA Discovery Studio Visualizer. Version 20.1 [software]. Dassault Systémes.
2020 [cited 2021 Jul 14; downloaded 2021 May 25]. Available from:
https://www.3dsbiovia.com/products/collaborative-science/biovia-discovery-studio/visualization-
download.php.
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2D topology maps describing the binding modality of the optimal conformer of
Maltanedienol and that of the optimal de novo designed molecule within PR_LBP were
generated. These were compared to each other and to another 2D topology maps that
showed the critical interactions forged between the PR and its co-crystallised small
molecule agonist 2-Chloro-N-[[4-(3,5-Dimethylisoxazol-4-Y1) Phenyl]Methyl]-1,4-
Dimethyl-1h-Pyrazole-4-Sulfonamide as described in PDB (Bernstein et al., 1977)
crystallographic deposition 3ZR7. This process allowed for a comparison of the amino
acids critical to the binding of all 3 small molecules to the PR and for the identification
of commonalities and differences between all 3 small molecules. This information is vital
in understanding the diverse interactions that Maltanedienol and its derivatives make
within the PR_LBP and in the elucidation of which interactions could potentially drive

PR mediated calcium deposition in bone.
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Figure 4.1 2D topology map describing the critical ligand binding interactions forged

between the optimal conformer of Maltanedienol for the PR and the amino acids lining

the LPB as described in PDB ID: 3ZR7 generated in BIOVIA Discovery Studio

Visualizer® v20.1. ’

7 Dassault Systemes. BIOVIA Discovery Studio Visualizer. Version 20.1 [software]. Dassault Systémes.

2020 [cited 2021 Jul 14; downloaded 2021 May 25]. Available from:

https://www.3dsbiovia.com/products/collaborative-science/biovia-discovery-studio/visualization-

download.php.

146



VAL
A:903
LEU
A:715
PHE
A:905
CYS
A:891
Interactions

- Unfavorable Bump

:] Alkyl

MET

A:759
MET
A:756
TRP
A:755
~~
o B Y |
o .J
,‘ ‘ o
Y
.O
-
\ -
‘O
.
LEU
A:718

[:] Pi-Alkyl

Figure 4.2 2D topology map describing the critical ligand binding interactions forged

between the highest affinity de novo design molecule and the amino acids lining the LPB

as described in PDB ID: 3ZR7 generated in BIOVIA Discovery Studio Visualizer®

v20.1.7

7 Dassault Systemes. BIOVIA Discovery Studio Visualizer. Version 20.1 [software]. Dassault Systémes.
2020 [cited 2021 Jul 14; downloaded 2021 May 25]. Available from:

https://www.3dsbiovia.com/products/collaborative-science/biovia-discovery-studio/visualization-

download.php.
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Figure 4.3 2D topology map describing the critical ligand binding interactions forged
between the co-crystallised molecule of the PR and the amino acids lining the LBP as

described in PDB ID: 3ZR7 generated in BIOVIA Discovery Studio Visualizer® v20.1.

7 Dassault Systemes. BIOVIA Discovery Studio Visualizer. Version 20.1 [software]. Dassault Systémes.

2020 [cited 2021 Jul 14; downloaded 2021 May 25]. Available from:
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download.php.
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Table 4.1 Shows the critical bonding interactions between the optimal conformer of

Maltanedienol for the PR, the highest affinity de novo design molecule and the

endogenous molecule of the PDB ID 3ZR7 as small ligands and the amino acids lining

the LBP perimeter. Amino acid interactions common to all three can be see above the

dark line.
Optimal Conformer of Highest affinity de novo
Endogenous Molecule
Maltanedienol design molecule

LEU715 LEU715 LEU715

LEU718 LEU718 LEU718

MET756 MET756 MET756

MET759 MET759 MET759

TRP755 TRP755 X
X PHE905 PHE905
X TYR890 TYR890
X VAL903 PHE778
X CYS891 VALT760
X X MET801
X X LEU797
X X ASN719
X X LEU721
X X LEU763
X X HDH2038
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Table 4.2 Table showing the unfavourable bumps forged between the optimal conformer

of Maltanedienol and the highest affinity de novo design molecule with the amino acids

lining the LBP perimeter.

Optimal Conformer of Maltanedienol

Highest affinity de novo design molecule

THR894

THR894

TYR890

ASN719

Table 4.3 Comparing the affinities (pKd) of the optimal conformer of Maltanedienol, the

highest affinity de novo design molecule and the endogenous molecule.

Affinity (pKd)
Optimal Conformer of Maltanedienol 7.19
Highest affinity de novo design
9.39
molecule
Endogenous Molecule 7.05

Table 4.1 portrays the optimal conformer of Maltanedienol, highest affinity de novo
design molecule and endogenous molecule which all forged identical stabilising
interactions within LBP. This table aids in understanding why Maltanedienol fits into the

LBP since all three ligands forged similar interactions and this a satisfactory result.

In the case of the co-crystallised ligand 2-Chloro-N-[[4-(3,5-Dimethylisoxazol-4-Y1)
Phenyl]Methyl]-1,4-Dimethyl-1h-Pyrazole-4-Sulfonamide, there is more extensive

binding to the PR when compared to the optimal conformer of Maltanedienol and to the
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highest affinity de novo designed molecule. This co-crystallised ligand interacts with the
PR receptor through a series of alkyl and pi-alkyl bonds, hydrogen bonds with water,
conventional hydrogen bonds, pi-sigma, pi-sulfur, pi-pi T-shaped interactions. Both the
optimal Maltanedienol conformer, and the optimal de novo designed molecule interact
with the PR through a dense network of alkyl and pi-alkyl interactions which accounts
for their higher affinity relative to the endogenous ligand. It is interesting to note how
there are two unfavourable bumps that have been forged by the optimal conformer of
Maltanedienol and highest affinity de novo design molecule with two amino acids (refer
to Table 4.2). The THR894 is the mutual amino acid which forged an unfavourable bump
for both optimal conformer of Maltanedienol and highest affinity de novo design

molecule and therefore this should be addressed in further rounds of optimisation.

When comparing the highest affinity de novo design molecule to the endogenous ligand,
the favourable interaction forged by the ASN719 amino acid in the endogenous ligand,
has changed into an unfavourable one in the comparing the highest affinity de novo design

molecule and consequently, this should be further investigated computationally.

The increased affinity of the highest affinity de novo design molecule is due to the more
extensive interactions within the LBP when compared to the optimal conformer of
Maltanedienol and thus an improvement has been achieved after performing the de novo
drug design. While on paper, the highest affinity de novo design molecule is proving to
be a more confident ligand, studies and literature have also proved that Maltanedienol
produces a biological effect. As a result, Maltanedienol should not be discounted in future
rounds of drug development however, the first step has been carried out in this study, by

optimising Maltanedienol and the interactions that it forges.
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Advantageously, the de novo process forged 2 new contacts within LBP; namely the
TYR890 and PHE905. Maltanedienol had not forged these interactions, however they
had been forged by the endogenous ligand. Thus, this process has allowed us to tap even

more into the LBP from the point of view of stabilising interactions.

In conclusion, the choice of the PR as a point of discussion is valid, as the literature
indicates this. One anticipates that on looking at the atomic interactions that both
Maltanedienol and the highest affinity de novo design molecule produces interactions that
are appropriate, as they are borne out as a result of what is already functioning within the

PR_LBP.

For these reasons, the next steps of this project would be to organise a molecular dynamic
simulation study that compares the motions of the endogenous ligand, Progesterone,
Maltanedienol and of the highest affinity de novo design molecule and compare their
motions and observe how the PR will behave when the various ligands are bound to it.
Bearing in mind that one is on the right track, one would anticipate similar motions
between Progesterone and what is bound endogenously. Contrastingly, Maltanedienol
and the highest affinity de novo design molecule should behave similarly between them

since the aim is to produce the same biological response.

A substantial assumption was made upon focusing on the PR since there were still 5
remaining receptors which could have been investigated and this is a process that should
have been carried out. Yet, this was not done due to time constraints and this should be

tackled in future studies. Additionally, this study also omitted the other receptors that

152



were not involved in calcium fixation or bone metabolism, nonetheless this study is

already being tackled.

There are several limitations to this study; firstly, not all the targets were described on the
PDB (Bernstein et al., 1977) so a potential receptor may have been overlooked. The
second limitation being that this study was selective during the in-depth analysis phase.
Thirdly, this study was static, as opposed to dynamic. Henceforth, | propose this being

considered as a future study as at present attempts of in vitro assays are intangible.
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