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Abstract

Development of ligands for bromodomains has expanded our understanding of gene
regulation and epigenetic links to disease. These acetylated lysine ‘reader’ domains
are found within larger macromolecules that are involved in gene transcription
and degradation. This thesis looks to employ a range of computational tools to
compliment the development of inhibitors to a selection bromodomain targets. The
first target was TRIM33b, an E3 ubiquitin ligase that also contains a methylated
lysine reader, known as a plant homeodomain. After identifying putative binding
locations for ligands identified in a previously performed high-throughput screen
through docking and molecular dynamics studies, one ligand was taken forward
for further optimisation. Subsequent free energy calculations on both the ligand
and water molecules were used to justify a proposed binding model, in the absence
of a co-crystal structure. This model identified a stable water molecule in the
ZA channel and was used to design the highest a�nity ligands known for the
TRIM33b bromodomain. The model was also scrutinised to understand why vector
elaborations above the binding site did not yield a higher a�nity probe molecule.

The second set of targets were bromodomains within parasites responsible for a
range of tropical diseases. In the absence of co-crystal structures, homology models
and molecular dynamics studies were used to design binding models for a set of
existing bromodomain ligands. These models were used to aid development of tool
compounds, based on the BRD4(1)/PLK1 inhibitor BI-2536, and propose future
modifications to increase a�nity for parasite bromodomains. Two of the homology
models were later confirmed by a subsequent co-crystal structure. Finally, several
computational methods are employed to understand the trends in binding a�nity
for a range of ligands against the CREBBP bromodomain and BRD4(1). These
studies highlighted the importance of an intramolecular hydrogen bond in analogues
of OXFBD02, the role of a ZA channel water molecule on imposing selectivity for
CREBBP ligands, and supported the role of a proposed cation-p interaction.
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This chapter will introduce bromodomains as a therapeutic target, both in

human cancers and as a putative tropical disease treatment, providing the relevant

background needed to contextualise the research in this thesis. Firstly, the chapter

will introduce several key structural aspects of the bromodomain before introducing

the targets of interest in this thesis. The discussion will then move to onto

highlighting how computer aided drug design (CADD) methods can be used to

1



2 1.1. Epigenetic ‘readers’

enhance medicinal chemistry projects. Finally, the chapter will give an overview of

the assays used by colleagues to obtain the experimental data used within this thesis.

1.1 Epigenetic ‘readers’

The genetic material within each eukaryotic cell is extensive, requiring a complex

packaging solution in the form of chromatin. Chromatin relies on building blocks,

known as nucleosomes, to wind the DNA around.[1] These nucleosomes are an

octamer of four histone proteins: H2A, H2B, H3 and H4. Each of these histone

proteins forms part of the nucleosome core, shown in Figure 1.1, with an extended

histone tail that protrudes from the core.[2] Both the nucleosomes and the DNA

itself can be subjected to covalent post translational modifications (PTMs), which

can alter the charge and size of components within chromatin. These changes can

led to subsequent alterations in DNA packaging of the nucleosomes, and hence

chromatin.[3] These PTMs, especially those exposed on the histone tails, can also

act as recognition and binding sites for proteins such as transcription factors. These

PTMs and their impact on genetic regulation are being increasingly linked to disease

states, including cancer,[4] and so understanding the roles of each modification

is vital. This is especially important when considering the multitude of PTM

combinations possible, which has become known as the histone code.[5]

Figure 1.1: A cartoon representation of the nucleosome octamer. Approximately 150
base pairs of DNA are wrapped around the nucleosome core, which contains an octamer of
4 di�erent histone proteins. Each of these proteins contain a tail that protrudes from the
core which is subject to a range of PTMs, which have been highlighted. Figure reproduced
with permission from Jennings et al., Future Medicinal Chemistry.[6] Copyright 2014
Future Science.
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Understanding this histone code is the focus of the field of epigenetics, which

looks at the heritable changes in phenotype that are not due to changes of the

underlying DNA sequence.[4] These changes can occur on the histone tail residues,

shown in Figure 1.1. The tails can undergo various covalent modifications including

methylation of lysine, acetylation of lysine and arginine, phosphorylation and

ubiquination.[7] These marks are placed with ‘writer’ domains such as histone

acetyltransferases (HATs), detected by ‘reader’ domains like the bromodomains

(BRDs) and removed with ‘eraser’ domains including histone deacetylases (HDACs).

These domains are all part of larger protein bodies that often are associated

with a particular function.[4]

The complex regulation of these marks is important for cellular health and

therefore is an area of therapeutic interest.[3] For example, acetylation of lysine is

linked to formation of less densely packed chromatin (euchromatin) and consequently

expression of genes including tumor suppressors. Reader domains facilitate the

recruitment of macromolecules to chromatin that are involved in gene regulation,

through selective recognition of PTMs, or ‘marks’, on the histone proteins. These

include tudor domains and plant homeodomains (PHDs) which bind to methylated

lysine residues, and bromodomains (BRDs) that bind to acetylated lysine residues.

This role has meant many reader domains have been linked to various disease

states. These include the bromodomain and extra terminal domain (BET) family

of bromodomain containing proteins (BCPs), comprising bromodomain-containing

proteins 2-4 (BRD2-4) and the testis-specific BRDT. These have been linked to

various cancers, including Nut-midline carcinoma (NMC) and breast cancer.[8]

However, the disease link for many reader domains and their associated proteins

are yet to be understood fully, partially due to a lack of selective chemical probes.

1.1.1 Multiple-domain-containing proteins

Multiple-domain-containing proteins are often joined via flexible linkers, allowing

for flexibility in the macromolecule conformation and hence orientation of the

di�erent domains within the protein.[9] This allows for proteins to contain more
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than one epigenetic reader, writer or eraser domain and ultimately carry out

complex functions.[3] For example, members of the BET family each contain two

adjacent canonical bromodomains. This complicates the understanding the role

of each protein within the histone code, as each domain within these proteins

plays a separate role in recognition.

Figure 1.2: Example of multiple domain proteins involved within epigenetics. Reprinted
with permission from Fujisawa et al., Nature Reviews Molecular Cell Biology.[3] Copyright
2017 Nature publishing group.

1.1.2 Plant homeodomains

Plant Homeodomains (PHDs) have been identified as readers of methylated lysine

and are found within a variety of proteins that regulate gene expression.[10] Since the

PHD was first identified in 1995 as a chromatin-related mediator of transcriptional

regulation by Aasland et al.,[11] over a hundred of putative PHD sequences have

been identified and loosely grouped into functional families.[12, 13] PHDs have

been found to predominantly read the methylation state of the K4 residue of the

H3 histone peptide (H3K4 - H3K4Me3, H3K4Me2 or H3K4Me0), and to a lesser

extent the H3K9 and H3R2 positions.[14, 15]
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PHDs are zinc finger containing proteins that consist of 50-80 amino acids built

into a two-strand anti-parallel b-sheet motif, and are stabilised by two buried Zn2+

ions. The typical zinc finger motif of a collection of Cys2His2 residues co-ordinating

Zn2+, is contained within multiple chromatin mediating proteins.[16] The PHD has

a slightly di�erent motif to chelate Zn2+, instead using Cys4–His–Cys3 combination

of residues to make a cross-braced fold, shown in Figure 1.3.[14] This fold is typically

retained despite a larger range of sequence variation between PHDs.[13] There have

also been some exceptions where the Cys and His chelating residues have been

interchanged in some PHDs with little impact on the tertiary structure.[17] The

PHD structure is reliant on Zn2+ co-ordination, where Pascual et al. showed that

protein production in a low zinc environment or purification in the presence of

EDTA led to no protein production or the unfolded protein, respectively.[18] This

observation was also seen within the MD studies within this thesis (Chapter 3).

Figure 1.3: Structure of the plant homeodomain (PHD). The zinc ion co-ordinating
residues are shown as sticks and the H3 peptide is shown in magenta. This figure shows
the PHD of TRIM24 (PDB ID: 3O37).[19]

Binding of the PHD to the H3K4 mark is via b-sheet formation on the PHD

surface of the N-terminus of the H3-peptide, shown in Figure 1.3. Typical recognition
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Figure 1.4: Ligands that bind to PHD domains.[20, 21]

of the H3K4Me3 mark is via an aromatic cage of three residues adjacent to the

H3 binding region, although the composition of this cage varies amongst PHDs.

In the case of H3K4Me0 binding, recognition of the mark is through hydrogen

bonds between the z-nitrogen of the lysine and backbone carbonyl groups of nearby

residues. In a subset of PHDs, recognition of the K9Me3 mark is through a cation-p

interaction with an aromatic residue perpendicular to the H3K4 binding region.[15]

Given the surface protein-protein interaction-like nature of lysine recognition by

the PHD, there are few ligands that inhibit PHDs. Wagner et al. identified a set of

inhibitors for the PHD of JARID1A, a protein which recognises the H3KMe3 mark,

which is important for the progression of acute myeloid leukaemia (AML). The

ligands identified are analogues of the anti-arrhythmia drug Amiodarone (1), and

only show partial selectivity amongst di�ering PHDs.[20] A similar issue is seen in a

fragment-based study performed by Amato et al. to identify ligands for the PHDs

found within BAZ2A and BAZ2B.[21] These are members of the bromodomain

adjacent to zinc finger domain (BAZ) family of proteins (BAZ1A, BAZ1B, BAZ2A

and BAZ2B) and have been established as a potential therapeutic targets.[22–24] For

PHD inhibition, a sca�old that could displace the H3 peptide was developed, shown

by the ligands 2 and 3.[21] However, both these ligands target the H3K4Me3 mark,

and there are currently no published ligands to inhibit the H3K9Me3 interaction.
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Figure 1.5: Human bromodomain phylogenetic tree showing bromodomain sub-families.
The phylogenetic free shows the 61 bromodomains found within 46 proteins. The figure has
been subdivided into families, labelled using roman numerals. Reprinted with permission
from Hewings et al., J. Med. Chem.[27] Copyright 2012 American Chemical Society.

1.1.3 Bromodomains

Bromodomains (BRDs) are another class of epigenetic readers domains, which bind

to acetylated lysine (KAc) residues on histones.[25] There have been 61 BRDs

identified within 46 bromodomain-containing proteins (Figure 1.5). They have

been clustered into eight families based of their sequence homologies.[3] These are

evolutionarily-conserved proteins that were first identified in the brahma gene within

Drosophila melanogaster by Haynes et al.[26] As with PHDs, these proteins are often

associated with regulation of gene expression. Bromodomain-containing proteins

can act as transcription factors, sca�olds for the assembly of larger protein complex,

or perform catalytic functions that drive chromatin modification. These proteins

have also been show to vary in expression levels in di�erent tissues, indicating a

context-dependent nature to their cellular roles.[3]

The BRD structure is relatively simple, comprising of around 110 amino acid
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residues. Bromodomains consist of a left handed bundle of four a-helices (–Z , –A,

–B and –C) which are joined by the ZA, AB and BC loops, respectively. The

KAc-binding site is found between the BC and ZA loops, where the composition of

these loops determines the selectivity of the histone mark read.[7] In the majority of

bromodomains, the KAc residue binds to a highly conserved Asn residue within the

binding site. Below this residue, at the bottom of the binding site sit five conserved

water molecules, which will be labelled W0-W4 and shown in Figure 1.6. These

water molecules are typically non-displacable, however, a computational study on

35 by Aldeghi et al. showed that some water networks can be interrupted to allow

binding.[28] This work has been validated in later studies, such as an inhibitor for

the tri-partite motif containing (TRIM) protein TRIM24 developed by Liu et al.

which contains a polar group that disrupts the water network.[29]

Figure 1.6: Structure of the canonical bromodomain (BRD). The acetylated lysine
(KAc) residue (magenta) binds to a highly conserved Asn residue in the BRD binding
site. Within this binding site are a network of conserved water molecules. Note that the
colour scheme for secondary structure elements is conserved throughout the thesis. The
figure shows the BRD of TRIM24 shown (PDB ID: 3O36).[19]
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1.1.4 Inhibition of bromodomains

Unlike in the PHDs, the deeper binding sites found within BRDs have led to many

successful probes and drug candidates, which will be described in this sub-section.

Vidler et al. provide a scale of the druggability of 24 of the 61 known BRDs

using available crystallographic structures. This predicts that the BET family of

BRDs are easily druggable, with the CREBBP protein slightly harder to target and

proteins such as TRIM24 comparatively di�cult to target.[30] This observation aids

in rationalising why several bromodomains are yet to have high a�nity, selective

ligands and the challenge faced in future development.

The BET family of BRD containing proteins are linked to several cancerous states

through oncogene regulation, genetic alteration and transcriptional reprogramming.

This family has been the target of multiple probes and there are currently 18

BET ligands within clinical trials.[31]. Trials of BET inhibitors in patients with

NMC showed cases of tumour regression or disease stabilisation or partial clearance

within a subset of AML patients.[8] The BET proteins contain two BRDs at their

N-terminus, known as BD1 and BD2. However, the similarity between the di�erent

BET family members makes designing selective ligands a challenge. Two ligands for

the BET BRDs, (+)-JQ1 (4) and I-BET762 (5), were identified using phenotypic

screens and published in 2010.[32, 33] Both these ligands contained a diazepine

sca�old, which acts as a KAc mimic, binding to the Asn residue in the binding

site, and is also capable of interacting with water molecule W1.[5] Both 4 and

5 bind both BD1 and BD2 of the tandem BRD4(1/2) construct, with an IC50

of 36 nM (determined by FRET) and 77 nM (determined by AlphaScreen™),

respectively.[32, 33]

Selectivity between BD1 and BD2 in the BET family was first achieved using a

variant of I-BET762, 6. This was combined with the L94A mutation of BRD4(1) to

impose selectivity over the tandem BRDs, by ensuring the ligand could only fit in

the mutated pocket. This ‘bump and hole’ approach allowed for the discovery that

inhibition BD1 in BRD4 is su�cient to prevent chromatin binding.[34] Selectivity of

the wildtype BET proteins was achieved with GSK340 (7), which is BD2 selective
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Figure 1.7: BET bromodomain ligands. KAc mimicking moieties are highlighted in
blue.

within the BET family while also retaining >300 fold selectivity over non-BET

BRDs.[35] In addition Apabetalone, also known as RVX-208 (8), is another BET

ligand that holds a 40-fold selectivity for BD1 over BD2 in BRD4. In this ligand

an amide group acts as the KAc mimic.[36, 37] This compound underwent Phase II

clinical trials for atherosclerosis and is currently undergoing Phase III trials.[38, 39]

The 3,5-dimethylisoxazole group has been used as a KAc mimic in both BET

and non-BET ligands. This group features in both OXFBD02 (9) and OXFBD03

(10). These ligands were developed by Hewing et al. and optimised for BET binding

through addition of a lipophilic phenyl group.[40] The geometry of this group allows
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Figure 1.8: Co-crystal structures of (R)-OXFBD02 (9) and I-BET726 (12) binding
to BRD4(1), taken from PDB accessions 4JOR and 4BJX, respectively.[40, 45] Binding
of 9 is also dependent on a water molecule within the ZA channel, termed W5, which
co-ordinates with the hydroxyl group o� the core of 9

for additional hydrophobic interactions with a hydrophobic shelf adjacent to the

ZA channel, shown in Figure 1.8. This shelf, known as the WPF shelf (consisting

of W81, P82 and F83 in BRD4(1)), is conserved among the BET proteins and

o�ers a means of imposing BET selectivity. Independently, work at GSK led to

the development of I-BET151 (11) which also contained an isoxazole group as the

KAc mimic. This ligand, with a binding a�nity of 36 nM (Kd by fluorescence

anisotropy) is still BET selective, with the pyridyl group forming interactions with

the WPF shelf.[41] This ligand has been shown to impede human ILC2 activation

and dampens inflammation from type-2 immune response.[42] I-BET726 (12), which

was patented in 2010 and published in 2016, also binds the tandem BRD4(1/2)

construct with a Kd of 4 nM (by ITC).[43, 44] This structure uses an amide group

as the KAc mimic, with a chlorobenzene group that is able to form interactions

with the WPF shelf, shown in Figure 1.8.

While many ligands have been developed for the BET BRDs, fewer have

been developed for the non-BET proteins. CREBBP is a non-BET human BRD-

containing protein that , along with its paralogue p300, are acetyl-lysine transferases

that have been shown to have over 400 interacting protein partners.[46, 47] These
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partners include the tumour supression protein p53, where recognition of the

KAc PTM on p53 is required for co-activator recruitment after DNA damage.[48]

This complex interactome has made CREBBPs domains a target for inhibitor

development, with several ligands of its BRD published in the literature. Zhou

et al. identified several weakly binding fragments of the CREBBP BRD, MS2126

(13) and MS7972 (14), which were shown to block the interactions of CREBBP

with p53.[49] Rooney et al. published a ligand that contained a modified version of

this KAc-mimic in 15, which also appended a tetrahydroquinoline (THQ) group to

the core. The THQ group was found to form a cation-p interaction with R1173,

which is adjacent to the binding site.[50] Genentec have also patented a series of

similar compounds that are designed for use in cancer immunotherapy, due to the

compounds role in T-cell regulation.[31, 51, 52]

As with the BET family, some notable probes have not been purely selective

for just one BRD. IACS-9571 (16) is a dual TRIM24-BRPF1 binder. Palmer et

al. used a structure-guided approach to development of a TRIM24 ligand, which

has a benzimidalzone core that containing a KAc mimic. This ligand bound to

both TRIM24, discussed in the next section, and BRPF1 which is a sca�olding

protein used in assembly of acetyltransferase complex with a�nities of 31 nM and

14 nM (by ITC), respectively.[53] This probe has since been used to develop a

TRIM24 proteolysis-targeting chimera (PROTAC) molecule. This chimera of a

TRIM24 ligand and a von Hippel-Lindau (VHL) protein ligand allows for whole,

in-cell degradation of TRIM24 and highlighted a dependency of acute leukaemia

on TRIM24.[54] Similar dual-specificity is seen in the both GSK2801 (17) and

BAZ2-ICR (18) which are both inhibitors of BAZ2A/B.[55, 56] Interestingly, the

initial compound used in the BAZ2-ICR optimisation did not require a KAc mimic

to bind the BAZ2 proteins, shown within the co-crystal structure (PDB ID: 4XUA).

Pan-bromodomain ligands have also been developed, notably seen with the SGC’s

bromosporine ligand (19) which targets multiple bromodomains.[57] This ligand was

also used in a large pan-bromodomain computational study by Aldeghi et al. and
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Figure 1.9: Ligands that bind to non-BET proteins. KAc mimic moieties have been
highlighted in blue and the kinase binding hinge regions have been highlighted in red.

showed free energy predictions could correctly determine bromosporine selectivity

for di�ering bromodomains and rank the potenital binding poses.[58]

Some BRD ligands also bind to non-BRD targets, such as BI-2536 (20) which is

a dual BRD4 (37 nM) and polo-like kinase 1 (PLK1) kinase inhibitor (<2.6 nM).[59,

60] This compound contains a KAc mimic that facilitates binding to BRD4. In

addition 20 contains a classical hinge motif, often observed in kinase ligands,

which binds a Cys residue in the PLK1 binding site.[61] This versatile core has
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been the subject of several studies to alter the kinase binding and selectivity.

Watts et al. tuned the ligand to promote anaplastic lymphoma kinase (ALK)

and BRD4 binding over PLK1, through modifications to the anisole group and

hydrophobic bulk previously occupied by the cyclopentane moiety.[60] Structure-

activity relationship (SAR) studies by Chen et al. and an additional patent showed

that kinase selectivity can be prevented through removal of nitrogens within the

hinge binding motif.[62, 63] An analogue of BI-2536, BI-6727 (21), shows an

improvement in its pharmacokinetic profile, including a longer half life in mice

allowing for greater therapeutic potential.[64]

1.2 TRIM24 and TRIM33: E3 ligases containing
two reader domains

The tri-partite motif containing (TRIM) family of proteins have been identified as

E3-ubiquitin ligases, due to the majority containing a really interesting new gene

(RING) domain at the N-terminus.[65] E3 ligases are involved in many cellular

processes including signalling, apoptosis, autophagy, and carcinogenesis. The E3-

ligase is involved in substrate recognition, as the RING domain of TRIM mediates

the transfer of ubiquitin, a 76 amino acid group, from E2 ubiquitin-conjugating

enzymes to the z-group of a lysine residue of the substrate.[66, 67] These proteins also

contain zinc-finger B-box domains and associated coiled-coil region. More than 80

TRIM proteins have been identified within humans and can be classified from C-I to

C-XI, depending on the domains at the C-terminus on the proteins.[68, 69] The work

in this thesis focuses on TRIM proteins in the C-VI family. This family, also known

as the TIF family, consists of TRIM24, TRIM28 and TRIM33; which all contain

tandem PHD and BRD reader domains at their C-terminus, shown in Figure 1.10A.

TRIM24, also known as TIF1a, is a down-regulator of p53, through ubiquitina-

tion, and hence a regulator of autophagy.[70] This protein is itself down-regulated in

castration-resistant prostate cancer (CRPC), making it an appealing drug target.[71]

The tandem PHD/BRD cassette, shown in Figure 1.10B, recognises multiple marks

on the H3 histone peptide. The PHD recognises H3K4Me0 and H3K9Me3 via a
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cation-p interaction with W828, as shown in Figure 1.10B, while the BRD is able

to recognise H3K23Ac.[19] Crystallographic structures exist of the apo protein,

the protein binding the H3 peptide along with several structures accompanying

the structure based design of IACS-9571.[19, 53] These structures and associated

PDB accession have been summarised in Table A.2. Additional weak TRIM24

binders were identified in 2017 by Liu et al. using an NMR-based screening

assay. Despite the low a�nity of these compounds, they use a range of polar

warheads to promote deeper binding in the BRD site and a possible means to

impose TRIM24 selectivity in future compounds.[29] As previously discussed, a

dual BRD inhibitor has been published of both TRIM24 and BRPF1, along with

a PROTAC analogue.[53, 54] A highly analogous ligand was also developed by

Bennett [ et al..[Bennett2016a] However, no selective inhibitors of the TRIM24

BRD exist, nor any inhibitor the TRIM24 PHD.

Figure 1.10: TRIM24/33 structural features. A: Domains found within the homologous
TRIM24/33 proteins. B: TRIM24 (PDB: 3O33) with the interactions with H3 peptide
highlighted in the boxes (PDB: 3O35 & 3O37).[19]

TRIM33, which is also known as TIF1g, is a homologue of TRIM24. This TRIM

protein has been linked to carcinogenesis through SMAD4 down-regulation, as well

as to the DNA damage response pathway.[72–74] This protein is less selective than

TRIM24, able to bind both H3K18Ac and H3K23Ac via the BRD and forming the
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same interactions with the PHD.[75] The TRIM33 BRD is found in two isoforms:

TRIM33a which contains a 17 amino acid extension of the –B and –C helices, which

is not found in the TRIM33b isoform. Four structures of the TRIM33a PHD/BRD

cassette exist in the apo and peptide bound states, listed in Table A.2.[76] However,

the residues corresponding to the amino acid insertion are partially unresolved. In

addition, the extension of TRIM33a means the Asn residue, that would normally

bind to KAc, is no longer pointing into the binding pocket in the crystallographic

structures with the histone peptide bound.[76] It has been hypothesised that the

TRIM33a isoform, containing the non-canonical BRD, corresponds to the ‘o�’ state

or inactive form of the BRD. Meanwhile, there is one available structure of the

TRIM33b PHD/BRD cassette, which contains the apo BRD and the H3 peptide

bound to the PHD (PDB ID: 5MR8). There are no published inhibitors of either

the TRIM33 BRDs or the PHD. In addition, it is not known the importance of

each reader domain on TRIM33 function within the cell.

1.3 Bromodomains as a target for tropical dis-
ease

Many tropical diseases are caused by invasion of a host by a parasite and can be

fatal, especially with a lack of e�ective treatments. Some of these diseases are

caused by trypanosomes, a genus of protozoan parasites that are responsible for

thousands of deaths annually. Trypanosoma brucei is the cause of African sleeping

sickness transferred by the tsetse fly,[77] with 1446 cases recorded in 2017 in 36

sub-saharan countries.[78] The disease can take two forms depending on the parasite

species: T. brucei rhodesiense and T. brucei gambiense, both of which are fatal if

not treated. Currently, treatments are limited to a combination of pentamidine

and suramin, both of which have toxic side e�ects.[77]

Trypanosoma cruzi is the cause of Chagas disease, which was first identified in

1909. Since then, very little has been achieved in identifying an e�ective treatment

and the disease was responsible for 7,900 deaths in 2017.[79] Unfortunately, the

disease is asymptomatic until the later stages, which often leads to devastating
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Figure 1.11: Lifecycle and current treatments of T. cruzi. The current treatments are
benznidazole (22) and nifurtimox (23). Adapted with permission from Atwood et al.,
Science.[81] Copyright 2005 The American Association for the Advancement of Science.

and irreversible damage to the heart and digestive systems. The lifecycle of

T. cruzi can be seen in Figure 1.11, where the transfer between hosts begins

by blood ingestion from the origin host by an insect vector. Within the insect

vector, the parasite undergoes a transformation into the epimastigote stage and

can replicate in the midgut via binary fission. After moving to the hindgut, the

epimastigotes di�erentiate into metacyclic trypomastigotes that are later released

onto the skin of hosts. Through mucous surfaces of wounds, the typomastigotes

enter the host and invade nucleated cells via a lysozome-based mechanism. Yet

another transformation occurs within the cells into the amastigote, where subsequent

in-cell replication occurs. The amastigotes exit the cell after a final transformation

into trypomastigotes which spread the disease to vital organs and picked up by

additional vectors via blood bites.[80, 81] The current treatments for Chagas disease

are benznidazole (22) and nifurtimox (23), both which are ine�ective against the

later, chronic disease stage and are subject to parasite resistance.[82]
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Figure 1.12: Lifecycle and praziquatel (24), the only treatment available for S. mansoni.
Adapted with permission from McManus et al., Nature Reviews Disease Primers.[84]
Copyright 2018 Nature Publishing Group.

A similar lifecycle is seen with Schistosoma mansoni, one of the parasites

responsible for schistosomiasis. This time the vector, or intermediary host, is

the fresh-water snail.[83] The S. mansoni lifecycle, shown in Figure 1.12, is more

complex than in T. cruzi, where reproduction and production of eggs requires

pairing of opposite-sex adult worms in the liver. This pairing leads to production

of eggs, which leave the host via excretion.[84] Praziquantel (Biltricide - 24) is an

anti-parasitic agent and the only known treatment of schistosomiasis, however wide

spread usage of this treatment has led to cases of resistance.[85]

1.3.1 Epigenetic regulation of parasitic lifecycles

As eukaryotic organisms, simpler yet similar epigenetic machinery has been identified

within parasite species. Within T. brucei, histone-modifying enzymes including
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Figure 1.13: Histone tails and known modifications within T. brucei compared to humans.
Reprinted with permission from Figueiredo et al., Nature Reviews Microbiology.[86]
Copyright 2009 Nature Publishing Group.

HATs and HDCs as well as histone-binding protein such as BRDs, PHDs and Tudor

domains have been identified. T. brucei also contains homologous histone cores and

tails, shown in Figure 1.13, that are subject to multiple di�erent PTMs.[86] Since

the 1990s, it has been known that the histone tails in T. brucei are subjected to

PTMS at di�erent stages of their lifecycle, showing that epigenetics could play a

role in trapanazome transformations.[87, 88] This observation could o�er a means

to control tropical disease progression, through understanding and inhibition of the

epigenetic processes that could be involved in parasite transformations.

Recently, x-ray co-crystal structures of bromodomains within T. brucei have

shown binding to the human bromodomain ligands I-BET151 (11) and BI-2536

(20).[89] This suggests that human bromodomain ligands can be used as a basis

for designing parasite bromodomain ligands. Through sequencing of the parasite

genomes, bromodomains have also been identified within T. cruzi and S. mansoni.[90,

91], and a more extensive introduction to these domains is given at the start of

Chapter 5. It is also clear that to elucidate the roles that each of these bromodomains

hold, and their relevance in tropical disease treatment, selective probes need to
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be developed and ultimately remove any human binding.

1.4 Computer aided drug-design

Chemical space is vast, and identifying ligands that have both a high a�nity and

selectivity for a given target is a challenge.[92] High-throughput screens (HTS),

such as phenotypic screening, are valuable tools that can screen large compound

libraries and identify compounds that bind to the target.[93] However, these assays

are limited to only available compounds and a useable protein construct. Luckily,

over the past few decades several predictive tools have been developed to aid this

search.[94] Virtual screening (VS) has emerged as one alternative technique, which

can test vast virtual libraries of compounds against a target structure quickly.

These libraries can be available in-house, purchasable, or compounds that are

tractable.[95, 96] This allows for a large region of chemical space to be tested and

can be experimentally validated afterwards.[97] Docking is the most popular method

for VS, which identifies potential binding modes of the ligands and uses a scoring

function, which can quickly rank large numbers of compounds.

Once an initial hit has been identified, there are several approaches that can

be used for ligand optimisation. Structure-based drug design (SBDD) aims to

engineer ligand optimisations using existing 3D information about the target. This

information is obtained from X-ray crystallography, CryoEM or NMR studies.[98]

However, if no information is available it can be obtained from a homology model,

which predicts a target structure based on known structures containing similar

sequences.[99] It is worth noting that the apo and co-crystal binding sites seen in

a protein will di�er, due to the induced binding caused by the ligand. Hence, it

is often desirable to dock to a co-crystal structure of the protein.[100] With the

target structure obtained, a range of in silico techniques can be used to guide ligand

optimisation. These include further docking studies to predict binding modes and

roughly rank compound analogues, MD to understand the dynamics of binding and

free energy techniques to predict potential energetic improvements of compounds.
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Despite the work in this thesis using a structure-based drug design (SBDD)

approach, ligand-based drug design can also be employed to guide ligand optimisa-

tion. This approach is popular in medicinal chemistry, which looks to understand

the structure-activity relationships of di�erent structures and their physiochemical

properties. This can be enhanced using in silco techniques, which can screen large

libraries of compounds to identify multiple ligands that bind the target. This

allows for the building of quantitive structure-activity relationship (QSAR) models

based on the data.[101] This field has recently made large advances in the era of

machine learning. With large experimental datasets available, the processing and

extrapolation of the data to predict new, biologically active compounds has now been

made possible. These also o�er a means of predicting other significant factors that

can a�ect latter-stage drug discovery projects and drive high attrition rates.[102]

Molecular dynamics simulations, which are based on Newton’s laws of motion,

allow for both protein and ligand flexibility.[103] This is important as binding

is a dynamic event, and so o�ers insights into the protein-ligand interactions

that cannot be obtained from a co-crystal or docked structure. Crystallographic

structures provide a static, low energy conformation of the target and docking is

often performed with a rigid binding site, which does not account for the induced fit

that can occur upon ligand binding. Through simulations, the protein and ligand

can accommodate each-other and sample possible binding modes. This induced fit

is particularly important when an apo structure or homology model of the target is

used for docking studies. Where only apo structures are available, MD simulations

can be implemented to extract multiple binding site conformations that can be used

for docking. This approach, known as the relaxed complex scheme (RCS) has been

used in the identification of ligands for or RNA-editing ligase 1 in T. brucei by Amaro

et al.[104] The sampling of multiple binding site conformations also allows for the

identification of potential cryptic binding sites, which are often not observed in the

crystallographic state and require a ligand to allow for site formation. Simulations

of the target, for example using enhanced sampling techniques or co-solvents, have

allowed for cryptic binding sites to be identified in target structures.[105]
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1.4.1 Binding free energy calculations

The free energy of ligand binding, DGbinding, is a metric that is vital in drug discovery.

This quantity can be determined experimentally, through techniques including

ITC and WaterLOGSY. However, this requires synthesis of the ligands, soluble

recombinant protein, and subsequent assay optimisation for the protein system.

Computationally ‘cheap’ in silico techniques have been developed to give an estimate

of the free energy in the form of scoring functions, and these have been incorporated

into docking software and employed in high throughput screening.[106] However,

scoring functions su�er from large errors, in the range of 2-3 kcal mol≠1.[107] An

improvement to the scoring functions has been found in end-point methods such

as MM-PBSA (molecular mechanics Poisson-Boltzmann surface area) calculations.

These techniques use molecular dynamics simulations to calculate an improved

estimate of DGbinding.[108] However, these calculations are still estimates and lack

the ranking accuracy and mathematical rigour of alchemical techniques.[109]

Two alchemical methods have become popular within the field of ligand devel-

opment: firstly, relative binding free energy calculations (RBFE) that predict the

DDGbinding of two similar ligands to a given target.[110, 111] Secondly, absolute

binding free energy (ABFE) calculations that give an absolute value of DGbinding.

Both methods use a non-physical thermodynamic cycle and molecular dynamics

simulations to perform the rigorous calculation of DGbinding and DDGbinding .[112]

ABFE calculations have proven to be beneficial and worth the high computational

cost associated with the calculations in two main areas. Firstly, the calculation of

DGbinding with a reduced error over the aforementioned techniques.[109] Secondly,

in giving an accurate ranking of ligand binding poses. Given the size of errors

involved in scoring functions, determining the correct pose in docking studies

is often challenging, with multiple possibilities. Through ABFE calculations, it

has been shown that docked poses can be accurately ranked and even reproduce

crystallographic poses.[58, 113] This is a powerful tool, o�ering confidence in the

predicted binding mode of a ligand in place of a crystal structure, which can then

be used for a structure based drug design approach.
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Recently, free energy calculations have also been extended to look at water

molecules. Using Monte Carlo simulations, which di�er from classical molecular

dynamics simulations, the free energy of binding of water molecules can be calcu-

lated.[28, 114] This o�ers an improvement on the WaterDock software, which used

a scoring function based approach to predict the locations of water molecules.[115]

1.5 In vitro ligand binding assays

Bromodomains are excellent proteins to test against in vitro, given that many

bromodomains have been expressed as a stable construct outside of their endogenous

protein.[116] The experimental assays used by colleagues to obtain the exper-

imental data for this thesis have been outlined below, with a brief discussion

on their limitations.

1.5.1 AlphaScreen™

The amplified luminescent proximity homogenous assay screen (AlphaScreen™) has

been relied upon heavily to evaluate the IC50 values of ligands within this thesis.

This is a peptide-ligand competition assay, where a protein-binding peptide is linked

to a streptavidin-coated donor bead containing a phthalocyanine photosensitiser.

This sensitiser can excite the ambient oxygen into its singlet state (1O2) when

irradiated at 680 nm. Meanwhile the protein construct is linked to a Ni2+-chelating

acceptor bead via a polyhistidine tag on the protein termini, shown in Figure 1.14.

This bead contains a series of compounds that undergo a photochemical pathway

to release fluorescence in the range 520-620 nm. If the peptide is associated to the

protein, the donor bead and acceptor bead are in close proximity, and fluorescence is

observed. As the ligand competes with the peptide, there is an associated reduction

in fluorescence. This change in fluorescence can be incorporated into a titration

experiment and an IC50 value extracted.[116, 117]

The main limitation of this assay is a high false-positive rate, which can be

assessed using a further assay known as the TruHits test.[117] The assay also shows
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Figure 1.14: AlphaScreen™ schematic. Image produced by Dr M. Schiedel.

poor precision, often giving fluctuations in IC50 values between repeats, though the

assay still performs well at ranking hits against a target.[116, 117]

The IC50 values determined can be di�cult to compare between protein targets,

given the peptides have di�erent a�nities between proteins. This target dependence

can be negated through conversion to Ki values. This normalises the IC50 against

a measurement of peptide a�nity, as per equation 1.1, where the IC50 value

from a displacement assay is converted using the Kd of the displaced ligand at

a given concentration L.[118]

Ki = IC50
(L/Kd + 1) (1.1)

1.5.2 Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) is a low-throughput assay that uses calorime-

try to elucidate the thermodynamic properties of binding. It allows the calculation of

the binding constant (Kd), as well as the binding enthalpy (�H) and stoichiometry

(n) of the reaction. Through basic thermodynamic equations it is then possible to

calculate the binding entropy (�S) and ultimately the binding free energy (�G).[119]
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Figure 1.15: Schematic of an ITC experiment. (A) shows the set up of a power-
compensating ITC experiment. (B) gives the data collected from an ITC experiments.
The top shows the raw output, with power given as a function of time which is then
integrated to give the plot below. Reprinted with permission from Chodera et al., Annual
Review of Biophysics.[120] Copyright 2013 Annual Reviews.

Modern calorimetry experiments rely on power compensation to measure the

heat changes. As shown in Figure 1.15, the system contains two cells, which are

maintained at a constant temperature through a thermal jacket. Both cells have

electric heaters attached, and the temperatures between the cells are measured using

a temperature di�erential sensor. One cell, termed the ‘reference cell’, undergoes

constant heating from the heat source. Whereas the sample cell is subject to a

varying amount of heat depending on the temperature di�erential sensor. The aim

of this sensor is to return the sample cell’s temperature to the predetermined value.

As one half of a protein-ligand system is incrementally injected to the other half in
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the sample cell, there is an associated temperature change. The cell temperature

is then brought back to that of the reference cell, via the heat source. The power

needed to do this is the raw experimental measurement, as shown in Figure 1.15.

Integrating the signal over time can extract the heat associated with each injection

and allow calculation of the thermodynamic properties.[120, 121]

This assay has a large detection window, helped by its large reading sensitivity.

The lack of assay co-factors adds increased versatility to the range of assay conditions

that can be used and increases the confidence in results. Unfortunately, there are

large sources of error caused by bu�er mismatch, inaccurate measurement of initial

concentrations and poor ligand solubility to get the high initial concentrations

required for experiments.[120, 121]

1.5.3 WaterLOGSY

Ligand and protein binding is an equilibrium process, with ligands inter-changing

in the binding site with those in bulk solvent. The greater the ligand a�nity for

the protein, the slower this exchange will be. This feature can be exploited through

WaterLOGSY, an NMR based assay that can detect ligand binding through nuclear

Overhauser e�ect (NOE) experiments.[122]

In the typical WaterLOGSY setup, shown in Figure 1.16, the water is magnetised.

The water then passes on its NOE signal to other neighbouring bodies through

magnetisation transfer, where one transfer pathway is from bulk water to the

protein. As the NOE signal passes through the protein, it is able to pass it to any

bound ligands. As these ligands leave the binding site at equilibrium, they take the

magnetisation with them with the same NOE signal as the protein because it tumbled

while bound to the protein. This sign will be the opposite of a ligand that remains

in solution which will be tumbling quickly and shown by the inversion of peaks in

Figure 1.16.[122, 123] Through ligand titration, and measurement of the intensity of

the NOE signal it is possible to extract a Kd value, as described by Dalvit et al.[122]
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Figure 1.16: Schematic of an WaterLOGSYexperiment. Adapted with permission from
del Carmen Fernandez-Alonso et al., Current Protein and Peptide Science.[123] Copyright
2013 Eureka Science.

1.6 Aims and motivation

This thesis looks to use a range of in silico tools to aid rational ligand design

within multiple active medicinal chemistry projects. In particular, how docking,

molecular dynamics and ABFE calculations can be used in a prospective manner

to improve ligand a�nity. The thesis will start on the TRIM proteins, where there

are no published inhibitors of TRIM33b. Through a HTS performed by Dr A.

Sekirnik, several ligands that bind both the TRIM24 and TRIM33 PHD/BRD

cassette were identified.[124] Chapter 3 of this thesis looks at identifying the binding

sites of these ligands and the key interactions that they form. Chapter 4 uses these

binding site predictions to aid in a SBDD approach to optimising one of the ligand

hits. These techniques will then be applied to a slightly di�erent target: parasite

bromodomains, where a lack of structural information has prevented SBDD so

far. Finally, simulations will be used to understand the SAR observed in binders

of both CREBBP and OXFBD02, where subtle di�erences between ligands have

large impacts on the binding a�nity.
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...if we were to name the most powerful assumption

of all, which leads one on and on in an attempt

to understand life, it is that all things are made of

atoms, and that everything that living things do can

be understood in terms of the jigglings and wigglings

of atoms.

— Richard Feynman - The Feynman Lecture Series
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docking, molecular dynamics simulations and free energy calculations, to understand

ligand binding events in active medicinal chemistry projects. This chapter looks

to introduce the methods used within this thesis and cover their implementation

in Chapters 3-6. Although a brief summary, excellent reviews by Leach and

Allen & Tildesley go on to further explain these techniques and are the basis

of this chapter.[125, 126]

2.1 Molecular mechanics

Many biological processes are the result of macromolecular interactions between

proteins, ions and ligands. But on closer inspection, these processes are the result

of interactions between atomic nuclei and electrons. Modelling these processes from

first principles requires a rigorous ab initio approach at a quantum mechanical

(QM) level and, when investigating long timescale motions, come with an associated

computational cost beyond the scope of most projects. The cost can be reduced

through application of the Born-Oppenheimer approximation, which assumes that

electrons re-adjust their position near instantaneously relative to nuclei. The Born-

Oppenheimer approximation allows electrons to be ignored and thus the energy of

the system is then a property of nuclei positions. This simplifies the calculations

and reduces the costs, however the cost only becomes feasible when the systems

are modelled using a molecular mechanics (MM) approach.

A MM approach allows particle motion to be described by simple functions,

often based on Newtonian physics.[103] These models, or "force fields", describe

molecular motion in terms of bond stretching, bending and dihedrals. Moreover,

these force fields have a high degree of transferability, which allows force fields for

large molecules to be parameterised from small molecules.[125, 126]

2.1.1 Force fields

Force fields have been developed and refined since the early 20th Century,[127] in

e�orts to allow calculations to reproduce experimental observations accurately and

e�ciently. A typical biomolecular force field used today describes the potential
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energy, U , of a system as the sum of its bonded and nonbonded interactions. This

is described in equation 2.1, where rN are the atomic positions. The bonded and

nonbonded terms are described using classical mechanics equations, where the

equation constants, or parameters, are derived from x-ray spectroscopic measure-

ments or ab initio calculations such as QM or density functional theory (DFT)

calculations.[125, 126]

U(rN) =
ÿ

Ubonded +
ÿ

Unonbonded (2.1)

Bonded interactions

ÿ
Ubonded =

ÿ
Ubonds +

ÿ
Uangles +

ÿ
Udihedrals (2.2)

The force field terms for the bonded interactions look to understand the

energetic contributions caused by bond stretching, along with angle and dihedral

deviations. Equation 2.2 demonstrates the components of the potential energy,

where an energetic penalty is imposed should the movement deviate from its

‘reference’ position:

Ubonds =
ÿ

bonds

kr

2 (rij ≠ r0)2 (2.3)

Uangles =
ÿ

angles

k◊

2 (◊ijk ≠ ◊0)2 (2.4)

Udihedrals =
ÿ

dihedrals

ÿ

n

k◊,n

Ë
1 + cos(n◊ikjl ≠ ”n)

È
(2.5)

Bond stretching is often modelled using a simple harmonic potential, where

r0 is the reference bond length, rij is the distance between atoms i and j, and kr

determines the penalty imposed for deviation from this length over each pair of atoms

ij. This model is cheaper than the Morse potential, which is a better fit for true bond

stretching energetics, but is still accurate assuming that bond length is never far

from equilibrium.[125] Angles are modelled in a similar fashion, where ◊0 represents

the reference bond angle with a similar constant k◊ between the three atoms ijk.[126]
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Torsions were a late introduction in force field development,[127] however are

vital in incorporating barriers to bond rotation into the model which arise from

staggered and eclipsed conformations. The torsional potentials are defined by four

interconnected atoms, ijkl, with a periodic function. Equation 2.5 models the

dihedrals using a cosine function with a multiplicity n that governs the number

of maxima and minima. k◊,n is a factor in the barrier height for rotation, and the

phase factor, ” controls the location of the energy minima. This is the functional

form used within the Amber force fields, where n is capped at 3.[128] It is also

important to note that all these terms can be improved with the introduction of

higher order terms, but at an increased calculation cost that often outweighs the

benefit of improved accuracy. Lastly, improper torsions can be used to impose

additional restrictions such as planarity or stereochemistry on a molecule and can

take a periodic or harmonic form.[125]

Nonbonded interactions

Unonbonded = UvdW + UCoulombic (2.6)

The nonbonded interactions reflect the interactions within and inbetween

molecules. These are modelled as the summation of electrostatic interactions,

modelled using Coulomb’s law, and repulsion/dispersion interactions (or van der

Waal (vdW) forces) which are modelled using the Lennard Jones (LJ) potential.

These exclude the terms covered by bonded and angle terms, though will contribute

to the torsional energies of molecules.[126]

UvdW =
ÿ

nonbonded pairs

C
Aij

r12
ij

≠ Bij

r6
ij

D

(2.7)

UCoulombic =
ÿ

nonbonded pairs

C
qiqj

4fi‘0rij

D

(2.8)

Coulomb’s law gives the potential energy arising from the interactions between

charged particles, shown in 2.8. Here qi and qj are the partial charges on particles

i and j which are at a separation of rij and ‘0 is the permittivity of free space.

The vdW interactions are modelled using the LJ potential, shown in 2.7. This has
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a shorter distance dependence than the Coulombic interactions. The two terms

describe the balance between repulsion at short distances, with a rapid r≠12 cuto�,

and the attractive forces at larger distances, seen with the r≠6 term. A and B are

parameters optimised against experimental or ab initio data.[126]

2.1.2 Water models

Water molecules are vital in biological systems, for both the mechanism of action and

the medium that proteins are often soluble in. This environment is mimicked within

simulations, either through including explicit water molecules in the simulation or

mimicking their impact using an implicit water model. If simulations are run with an

explicit water model, a large proportion of the atoms in the simulation will be water.

Hence it is important that a computationally e�cient water model is used.[126]

The work within this thesis uses the TIP3P model exclusively, which has

been shown to reproduce important thermodynamic properties of water at 298K,

especially within free energy calculations.[129] The e�ciency of this model comes

from its rigid structure, discussed more in § 2.2.2, with only three fixed electrostatic

interaction sites on the oxygen and hydrogen atoms. More intricate models, such as

the TIP4P and OPC model look to improve the accuracy, however the additional

model complexity increases the simulation cost of using these models.[130, 131]

2.1.3 Energy minimisation

When a system is constructed for simulation it often requires the bringing together

of multiple components, such as addition of solvent molecules, docking of ligands and

explicit protons. This can lead to unfavourable geometries or geometric clashes of

atoms and thus render the system unstable for simulation. Hence, before simulations

it important to perform a geometry optimisation to remove these clashes. One of

the simplest forms is to search for a stationary point, or local minimum, on the

potential energy surface of the whole system. Mathematically this takes the form of:

ˆU

ˆr = 0 and ˆ2U

ˆr2 > 0 (2.9)
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These derivatives cannot be solved analytically due to the many body nature

of the equations and hence is solved numerically. One of the simplest methods for

solving the equation is the steepest descent algorithm which guides the system to

an energetic minimum iteratively by moving down the potential energy gradient.

The process is often stopped after a set number of steps or when the maximum

force experienced by an atom is below a certain threshold.[125]

2.2 Molecular dynamics

MD essentially employs Newton’s second law (eqn 2.10) to propagate the movement

of atoms over time, given an initial set of co-ordinates and atomic velocities.

This is possible from taking the Lagrangian formulation of Classical Mechanics,

which provides a formal structure that states the forces on all particles are vector

quantities that can be derived from the potential energy function, Fi (r1, . . . , rN) =

≠ÒiU (r1, . . . , rN). This formulation, represented using dot notation in eqn 2.11,

allows for the particle positions to be derived through integration of the potential

energy function, shown in eqn 2.13. However this integral is extremely hard to solve

analytically, and hence solved numerically in discrete time steps.[132]

Fi = mai (2.10)

≠ÒriU (ri) = mr̈i(t) (2.11)
⁄⁄

≠ÒriU (ri) dtdt = mri(t) (2.12)

ri(t) = 1
m

⁄⁄
≠ÒriU (ri) dtdt (2.13)

As this formulation is continuous, an initial set of atomic positions and velocities

of each atom are required for integrating eqn 2.13.[132] The atomic positions are

generated from crystal structures, or if these are not known then a combination of

homology models and docking solutions. Solvent and ions are added to neutralise

the overall system charge are also generated and avoid artefacts arising from a
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residual charge. Meanwhile, initial velocities are drawn from the Maxwell-Boltzmann

distribution at the given system temperature through eqn 2.14:

p (vi) =
3

mi

2fikBT

41/2
· exp

3
≠1

2
mivi

kBT

4
(2.14)

where p (vi) is the probability distribution of the velocities (vi), mi is the mass of

the particle, T is the temperature and kB is the Boltzmann constant.[125]

2.2.1 Integration algorithms

As discussed, equation 2.13 cannot be solved analytically, as it is a many body

problem. Instead, several algorithms have been proposed to solve the second order

di�erential equation using finite di�erence methods. This leads to the equation

being solved over several discretised steps and thus propagation of atomic positions

and velocities over several timesteps (�t). A key assumption to this approach is

that all forces on atoms are constant within a given �t. Using the chosen force field,

the forces on each atom are calculated at time t. This force is then used to calculate

the positions (r), velocities (v) and accelerations (a) of all particles at time t + �t

using the finite di�erence algorithm of choice. Whatever the choice of algorithm,

it is important that it is: i) of low computational cost; ii) conserves energy and

momentum; iii) permits a long time-step, �t, to allow for longer simulations.

All integration algorithms are built on the assumption that positions, velocity

and acceleration can be approximated by a Taylor expansion:

r(t + �t) = r(t) + v(t)�t + 1
2a(t)�t2 + 1

6b(t)�t3 + 1
24c(t)�t4 + . . . (2.15)

v(t + �t) = v(t) + a(t)�t + 1
2b(t)�t2 + 1

6c(t)�t3 + . . . (2.16)

a(t + �t) = a(t) + b(t)�t + 1
2c(t)�t2 + . . . (2.17)

b(t + �t) = b(t) + c(t)�t + . . .

...
(2.18)

The Verlet algorithm is a popular finite di�erences integration method,[133]

though combining di�erent order terms can led to imprecision.[126] An improved
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method is the Velocity Verlet algorithm,[134] which uses the positions and accelera-

tions at time t and the positions from time t ≠ �t, without any need for explicit

velocities, to calculate new positions at time t + �t:

v
3

t + 1
2”t

4
= v(t) + 1

2”ta(t) (2.19)

r(t + ”t) = r(t) + ”tv
3

t + 1
2”t

4
(2.20)

v(t + ”t) = v
3

t + 1
2”t

4
+ 1

2”ta(t + ”t) (2.21)

and after ignoring higher order terms the equations can be added to give:

r(t + �t) = 2r(t) ≠ r(t ≠ �t) + a(t)�t2 (2.22)

where particle velocities can then be calculated.[126]

A cheap and common method for integration is the leap-frog algorithm.[135,

136] Here, the particle velocities are calculated half a time step ahead (v
1
t + �t

2

2
)

using the acceleration to allow the particle positions at t + �t to be calculated. The

velocities are then approximated using interpolation. Essentially, the velocity leaps

before position by t + �t
2 , then positions leap over velocities to get to t + �t:

v
A

t + �t

2

B

= v
A

t ≠ �t

2

B

+ a(t)�t (2.23)

r(t + �t) = r(t) + v
A

t + �t

2

B

�t (2.24)

v(t) = 1
2

C

v
A

t + �t

2

B

+ v
A

t ≠ �t

2

BD

(2.25)

This method explicitly includes velocities and hence useful for kinetic energy

calculations. Its should also be noted that other algorithms, such as Beeman’s

algorithm, exist however they have not been used within this work.[126, 134,

137] The molecular dynamics package used within this thesis, GROMACS, uses a

modified version of the leap-frog algorithm that allows for Langevin dynamics

to be performed.[138]
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2.2.2 Consequences of solving by integration

As discussed in the previous sub-section, a key assumption to integration approaches

is that all forces on atoms are constant within a given �t. For this to hold, the

size of �t is limited to the highest frequency motion that is being simulated. A

larger �t would lead to increased equilibrium bond distances between the pair of

atoms concerned, leading to increased forces acting upon the bond and ultimately

a�ect the stability of the simulation.[126]

The bonds between a hydrogen and heavy atom are often of a high frequency

and hence a bottleneck on the size of �t. As these bonds are of little interest in

macromolecular simulations, these can be constrained to their equilibrium bond

value with several algorithms developed to correct for deviations from equilibrium

bond length over a timestep. GROMACS uses the SETTLE algorithm,[139] though

other methods such as P-LINCS exist and also widely used.[140] These algorithms

allow a timestep of 2 fs to be used. Recently, this limiting timestep has been

improved using hydrogen bond mass repartitioning (HMR) which now allows for

an increase of timestep to around 4 fs to be used.[141, 142]

2.2.3 Statistical mechanics: micromolecular to macromolec-
ular

Simulations of macromolecules are run at the microscopic level, however it is often

macroscopic observables that are of interest, such as pressure and changes in free

energy. Statistical mechanics describes the relationship between the distribution

and motion of N particles in a system to its macroscopic properties.

An ensemble is a collection of points in phase space satisfying the conditions

of a particular thermodynamic state, where for an N particle system, phase

space consists of 6N dimensions. Through the stepwise solving of eqn 2.13, a

series of points in phase space are generated that belong to the same ensemble.

Another way to look at this is the stepwise MD solutions represent a collection of

systems which have di�erent microscopic states but have an identical macroscopic

or thermodynamic state (e.g. temperature (T ), pressure (P ) and volume (V ))
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Several ensembles are useful within MD simulations, especially ones that better

mirror physiological conditions such as the canonical ensemble (NV T ) or the

isobaric-isothermal ensemble (NPT ).[132]

Statistical mechanics derives observables as ensemble averages, ÈOÍensemble. In

reality it is hard to calculate an ensemble average from an MD simulation as

the simulation would need to pass through all possible states. Luckily, the

ergodic principle states that the time average equates to the ensemble average

(ÈOÍensemble = ÈOÍtime):

ÈOÍ = 1
M

Mÿ

i=1
O

1
pN , rN

2
(2.26)

where pN are the particle momenta, M is the number of observed timesteps and

rN are the particle positions.[125]

2.2.4 Temperature and pressure coupling

As discussed in § 2.2.3, the NV T and NPT ensembles are useful for modelling

physiologically relevant systems. Ensuring constant N or V is trivial, however

control of P and T require more complex algorithms that are discussed in the

following sub-sections.

Thermostats

As the temperature of a system is linked to the kinetic energy of the particles:

K = 1
2

Nÿ

i=1
miv2

i = 3
2NkBT (2.27)

T = 2
3

K

NkB
= 1

3NkB

Nÿ

i=1
miv2

i (2.28)

it is possible to alter the temperature of the system through changing the particle

velocities in the system. It would be easy to assume that the velocities could be

simply scaled by a factor of ⁄ =
Ò

Tref/T , where Tref is the constant temperature

of the ensemble and T is the instantaneous temperature calculated from the kinetic
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energies scaled.[143] However this deterministic method, like many temperature

control algorithms, alters the dynamics of the system and does not accurately

produce the thermodynamic properties of the canonical ensemble.[126] Instead,

more complex solutions have been found where the system is coupled to an external

heat bath with the aim of maintaining an average temperature of Tref , which is

applied to each particle via altering the particle’s velocity or modifying Newton’s

equations of motion, building on the method just seen.[144]

Often the best algorithm to use is system dependent, with both stochastic and

deterministic solutions proposed. The Berendsen thermostat sets a time scale for

updating velocities,[145] rather at each step:

dT (t)
dt

= 1
·

(Tref ≠ T (t)) (2.29)

where · is the coupling parameter that scales the coupling between the system

and external bath, which is at Tref . Hence the change in temperature and the

scaling factor each step are:

�T = �t

·
(Tref ≠ T (t)) (2.30)

⁄ =
ı̂ıÙ1 + �t

·

A
Tref

T (t) ≠ 1
B

(2.31)

This method still fails to reproduce the correct kinetic energy distribution and

lead to violations in the principle of energy equipartition,[146] though has still been

shown to be a useful coupling method.[144] More rigorous methods have been devel-

oped and include the Nose-Hoover and Andersen stochastic thermostat.[134, 147]

The Langevin stochastic approach looks at altering the equations of motion,

starting with the Langevin equation of motion:

mi
d2ri

dt2 = ≠mi›i
dri

dt
+ Fi (ri) + r̂i (2.32)

where ›i is a frictional constant and r̂i is a stochastic noise term proportional to ›i

and Tref . This then allows for the velocities to be rescaled at each timestep:
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�vi = ai�t ≠ “ivi�t + ›i

Ò
2kBTref“i�t/mi (2.33)

where “i is a frictional coe�cient to dampen motion of the particles. This returns the

correct kinetic energy distributions for decoupled states,[146] which is particularly

important for free energy calculations where ligands can be totally removed from

the systems in a stepwise manner.[138] All simulations performed within this thesis

used the Langevin thermostat for temperature coupling.

Barostats

The instantaneous pressure of a system can be calculated from the following:

P = 1
V

S

UNkBT ≠ 1
3

Nÿ

i=1

Nÿ

j>i

rij · Fij

T

V (2.34)

where the interatomic forces are already calculated in the simulation, so the

calculation comes at a low computational cost. Given the dependence on V ,

it is possible to scale P through scaling the volume of the simulation box, and

hence scaling the atomic co-ordinates.[132]

The Berendsen barostat uses a similar setup to that seen in the thermostats,

employing an external pressure ‘bath’ coupled to the system to scale the atomic

co-ordinates and maintain an average pressure:

dP (t)
dt

= 1
·

(Pref ≠ P (t)) (2.35)

⁄ = 1 ≠ Ÿ
�t

·
(P ≠ Pref ) (2.36)

rÕ
i = ⁄1/3 · ri (2.37)

where Ÿ is the isothermal compress-ability.[148] However, although this keeps the

correct average pressure, it fails to give the exact NPT ensemble. Although this

algorithm can be useful for equilibration, the Parrinello-Rahman barostat is more

useful for production MD simulations.[149] This is applied throughout this thesis.
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2.2.5 Periodic boundary conditions

The computational cost of any simulation scales with the number of particles, N ,

by a factor of NlogN when using Ewald methods. To reduce the cost, only small

systems are studied, often comprising of the macromolecule of interest that is

surrounded by solvent and lipids, if required. This system is unable to hold together

in space, and so the temptation is to place a ‘box’ around the box comprising of

a potential to hold the simulation together. However, this setup leads to surface

e�ects, where a water molecule at the box edge will experience very di�erent forces

compared to a solvent molecule within the solution bulk.

The solution is to impose periodic boundary conditions, which essentially allow

all particles to be treated as if they were in bulk solution. The simulation box

can be replicated through all space in a lattice, each image containing the system

of interest. If a molecule strays out of its simulation box and into its mirrored

neighbour, it is also re-entering the original simulation box on the other side. This

setup allows for conservation of N , and can be visualised in Figure 2.1. Cubic boxes

are the easiest to work with and visualise, but a dodecahedral box is more e�cient

and reduces the number of solvent particles within the system.

There are some considerations that are needed to ensure that the microscopic

properties are consistent, especially when looking at intermolecular interactions.

In particular, to remove artefacts associated with the Lennard Jones potential a

box length of L ¥ 6‡ is required which prevents a particle interacting with its

own image in the lattice, where ‡ is the separation at which the inter-particle

potential is zero.[126]

2.2.6 Treatment of long range interactions

Calculations of the nonbonded interactions are the most time consuming aspect

of MD calculations, which scales in a N2 fashion with the number of atoms, N .

By implementing periodic boundary conditions, it initially implies an infinite

number of pair-wise interactions to calculate. This scheme would be impossible to

perform, and hence distance cut-o�s are applied to limit the number of pair-wise
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Figure 2.1: Cartoon example of 2D periodic boundary conditions

interactions calculated in a periodic system. However, this requires additional

considerations for the impacts on the relevance of these cut-o�s and the impact

on thermodynamic properties.[126]

Coulombic cuto�s

Electrostatic interactions decay slowly with distance, proportional to r≠1, hence

the errors associated with applying a cuto� are larger.[150] There are several

schemes for evaluating the long range interactions in periodic systems, with Ewald

summation methods the most common in MD simulations, due to their accuracy

and convergence.[151] With this treatment, the interaction potential is split into

into two terms:

Ï(r) def= Ïsr(r) + Ï¸r(r) (2.38)
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where Ïsr are the short range interactions which are easily calculated in real space,

while Ï¸r are the long range interactions which converge rapidly in Fourier space.[152]

Hence the cost of calculating Ï(r) is rapidly reduced through computation in two

parts. The calculation costs have been further improved using the PME method,

allowing the computational scaling to be reduced from N2 to NlnN .[153] The PME

method has been used for all simulation work within this thesis.

Lennard-Jones cuto�s

The interaction energy of two particles with the LJ potential decays rapidly,

proportional to r≠6. The simplest solution is to set a cuto� distance for the distance

of atoms accounted for in the MD calculations. All interactions beyond this distance

are then assumed to have an interaction energy of zero. However, this cut-o� can

introduce artefacts, especially during free energy calculations. GROMACS has an

inbuilt analytical corrections to remove artefacts, however these assume an isotropic

distribution of solvent beyond the cuto� which is not the case when the tessellated

images contain large macromolecules.[154] Shirts et al. propose the "EXP-LR" and

"WHAM" corrections, to account for the di�erences in free energy imposed by a

vdW cut-o�. The EXP-LR method uses a two state exponential average calculation

to find the �GLR(⁄). The exponential average looks at the energies calculated

between the cuto� used uSR (⁄) and the highest possible cuto� uLR (⁄):

�GLR(⁄) = ≠kBT ln
e
exp

Ë
≠uLR (⁄) ≠ uSR (⁄))

Èf

SR
(2.39)

�GCorrection = �GLR(⁄ = 1) ≠ �GLR(⁄ = 0) (2.40)

where ⁄ is the phase factor (discussed in § 2.4.2), T is temperature and kB is

the Boltzmann constant.[155]

Recently, the Lennard Jones Particle-Mesh (LJ-PME) method has been devel-

oped and available in GROMACS (however, it is not currently supported with

GPU acceleration). This calculates the interactions beyond the cuto� with only a

small error, e�ectively removing the need for a cuto�.[156] This method was used
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to treat all long range interactions in all free energy calculations performed with

GROMACS 2016. Where GROMACS 2019 is used for free energy calculations,

the EXP-LR method was used to correct for di�erences in free energy, to allow

for GPU acceleration of the calculations.

2.2.7 Simulation setup
Ligand parameters

Ligands, by default, were parameterised using the general Amber force field (GAFF)

(v. 1.8), with AM1-BCC charges,[157, 158] using antechamber and parmchk2 within

the AmberTools16 package.[159, 160] The force field files were converted to co-

ordinate and topology filetypes for GROMACS using tleap, from AmberTools16,

and finally acpype (v. 2016-07-16).[161]

Where stated, ligands were alternatively parameterised to have RESP charges.

The ligand structure was subject to geometry optimisation, at the HF/6-21G(d) level

of theory using Gaussian16 (A. 03). A subsequent molecular electrostatic potential

calculation was performed at the same level of theory. The partial charges were

extracted using antechamber and combined with the GAFF parameters. The final

ligand coordinates and topology files were converted for GROMACS using acpype.

For simulations of the H3 peptide, post-translationally modified amino acid

parameters were acquired from FF-PTM. The PTMs parameters are derived from

a solvent model as an extension of the �03 force field.[162] A comparison of charges

by Dr. O Andersen showed that there were no significant di�erences between these

parameters and AMBER99SB-ildn, and so the parameters were merged within

tleap. The peptide parameters were then constructed using tleap, found within

the AmberTools16 package.[159]

System setup

All protein structures were parameterised using the AMBER�99sb-ildn force

field,[163] with protonation states assigned within the GROMACS software.[164]
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Missing residues were modelled using the WHATIF web interface.[165] If crystal-

lographic waters were resolved, all were removed, with the exception of waters

W0-5 within the BRD binding site. Simulations containing the PHD were adjusted

to use the deprotonated Cys parameters within AMBER�99sb-ildn for the Zn

co-ordinating residues, where the deprotonated form is expected to be co-ordinating

zinc.[166, 167] Ligand protonation states were assigned as described in Section 2.6.1.

Water molecules were modelled using the TIP3P model,[168] within a solvated

dodecahedral box that had a minimum boundary of 1.2 nm from any protein atoms.

Sodium and chloride ions were added to neutralise any residual charge, and bring

the salt concentration to 150 mM. The systems were first subjected to energy

minimisation using the steepest decent algorithm of 10,000 steps, with a maximum

force cut o� of 100 kJ mol≠1 nm≠1. The systems then underwent 200 ps equilibration

in the isothermal-isobaric ensemble. The temperature was coupled using a Langevin

thermostat, with a target temperature of 300 K, and the pressure was coupled

using the Berendsen weak coupling algorithm to a target pressure of 1 atm.[136,

138, 148] Simulations were then carried out for 50 ns in triplicate. Post-production

analysis was performed using PyMOL (v.1.8) and VMD (v.1.9.2) for visualisation

and the MDAnalysis python library.[169, 170] Where simulations were clustered,

the k-means clustering algorithm (analysis.encore.cluster) within MDAnlaysis

was used, selecting 7 clusters based on the co-ordinates of the ZA loop.[170] The

centroid of each cluster was then identified and extracted for further analysis.

This work spanned several iterations of the GROMACS MD package,[164] where

adaptations to the setup were made to allow for increased GPU acceleration of the

simulations.[171] Simulations in Chapters 3 and 4 were performed in GROMACS

2016.3, and used a LJ-PME order of 6 and the LJ-PME cuto� correction. With the

release of GROMACS 2018, several alterations were made to the base code to o�oad

parts of the calculation to the GPU for non-FEP calculations. This improvement

came at the expense of using a long-range cuto� and reducing the PME order to

4. This change significantly improved the speed of the MD simulations, and used

for the work performed in the Chapters 5 and 6.[171]
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2.3 Monte Carlo simulations

Monte Carlo simulations are another type of MM based simulation method that

generates a series of microstates. However, instead of a dynamic evolution of the

system overtime the system states are generated through repeated random sampling.

This section gives a quick overview of Metropolis Monte Carlo, which can be used

to sample physical systems.[126, 172, 173]

Each random substitution to generate a new system state is subject to an

acceptance criteria test, which ensures that the resulting distribution of micro-

states in accordance with their Boltzmann factor. The selection criteria ensure

that higher energy states are less likely to be selected, while more likely to select

lower energy states. Each MC is a random movement of translating and rotating

particles where the force field can be used to calculate the energy of the new system

state. If the energy is lower, and �E is negative, it is accepted. If not, then it

is accepted under the following criteria:

rand(0, 1) Æ e≠�E/kBT (2.41)

After a large number of random moves it is possible to extract observables from

all the micro-states using a statistical mechanics approach:

ÈOÍ = 1
M

Mÿ

i=1
O

1
rN

2
(2.42)

where O is the observable of interest, rN are all the coordinate particles and M

is the number of accepted state configurations.[125] The work within this thesis

uses the MC implementation within ProtoMS package.[174]

2.3.1 Grand canonical Monte Carlo simulations

The Grand Canonical ensemble (µV T ), where the chemical potential µ, volume

and temperature are kept constant, is another statistical ensemble that can be

used.[132] This ensemble allows the number of particles in the system to change,

and hence lends itself to MC based techniques where each state is independent. The



2. Theory and Methods 47

added/removed particles are stored in an external reservoir in their ideal gas state.

Hence the number of particles in the simulation are controlled by the chemical

potential of the system, where the equilibrium is reached when the reservoir and

system are at equipotential.[114] Insertion and deletion is also subject to selection

criteria in MC simulations, which are dependent on the Adam’s value:

B = µ

kBT
+ ln

3
V

�3

4
(2.43)

where � is the de Broglie wavelength of the molecule and V is the volume in

which insertion/deletion occurs. The Adam’s value is therefore proportional to

the chemical potential, µ, and therefore influences the acceptance criteria of the

simulation and the number of particles in the simulation volume at equilibrium.[175]

This ensemble is vital within the free energy calculations on water, which

are performed in this thesis.[28] Here the particle being inserted/deleted is water

(modelled as TIP3P) and the volume is a region around the protein binding site.

2.4 Free energy calculations

The free energy of binding (�Gbind) is a vital thermodynamic quantity within

drug discovery, quantifying the strength of a ligand binding its target. Under the

isothermal and isobaric ensemble, this can be related directly to the dissociation

constant (Kd) through:

�Gbind = ≠kBT ln Kd

c0 (2.44)

where c0 is the is the standard concentration, 1 molar by convention and normally

omitted, and Kd is the dissociation constant of the ligand to the protein.[176]

This quantity can be experimentally determined, as discussed in Section 1.5,

however this requires the ligand to be synthesised before �Gbind is known. To

mitigate the need for synthesis, a range of computation methods to predict �Gbind

have been developed to either predict or calculate �Gbind, each with a trade o�

between computational cost and accuracy. Section 2.6 will introduce docking,
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which uses scoring functions, which are a computationally inexpensive method for

estimating the ligand binding a�nity. However, these methods are often inaccurate

due to multiple simplifications and failings of the model.[177] In this section, three

computationally more expensive techniques to calculate �Gbind will be introduced.

Firstly, end point methods, which improve the accuracy but are not mathematically

rigorous, then moving to the rigorous absolute binding free energy calculations

(ABFE) calculations and ending with Grand Canonical Integration (GCI) as a

method for estimating binding energies. Each subsection will also cover the methods

used to implement the techniques within this thesis.

2.4.1 End point methods: MM-PBSA

Endpoint methods such as molecular mechanics Poisson-Boltzmann surface area

(MMPBSA) post-process MD simulations to extract multiple system configurations

and estimate the binding energy. These are computationally cheap as they employ an

implicit solvent model and are limited to a relatively small number of configurations.

A similar method, molecular mechanics Generalised Born surface area (MMGBSA),

is also used but not discussed in this thesis.[178] The underlying principle is that

�Gbind can be estimated with the following approximation:

�Gbind =
e
GP L

f

P L
≠

e
GP

f

P
≠

e
GL

f

L
(2.45)

¥
e
GP L ≠ GP ≠ GL

f

P L
(2.46)

where it can be separated into the ensemble average of the Gibbs energy of the

protein ligand (PL), the protein (P ) and ligand (L). A common shortcut used

is to only simulate the PL system and then separate the P and L conformations

to perform the isolated component calculations. This is less rigorous and can fail

to account for energy changes caused by large binding site changes upon binding,

though often is as accurate as three-component simulations.[179]

Aldeghi et al. showed that the MM-PBSA ranks bromodomain ligand a�nities

with a Pearson rank correlation of rp = 0.39, which is less when compared to
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ABFE (discussed in the next section) with an rp = 0.64.[109] The ability to rank

is increased through utility of the entropy correction proposed by Duan et al.

which increased the correlation to rp = 0.55,[180] or through including the nearest

20 water molecules as part of the protein component rp = 0.53.[109] This work

has been built on by Wright et al., who showed an increased ability to correctly

rank BRD4 ligands, with MM-PBSA, when using a significantly large number of

replicas, termed the ESMACS approach.[181]

Methods used for MM-PBSA calculations

All MMPBSA calculations were carried out using the bash scripts provided with

GMXPBSA 2.1.2.[182] Equidistant snapshots every 80 ps were extracted from 50 ns

simulations, where the first 10 ns was discarded as an equilibration period, yielding

500 frames for analysis. The vdW contribution to the energy was calculated using

GROMACS 5.1,[164] while the Coulombic contribution was calculated using APBS

(v. 1.5).[183] It was decided to use the values calculated using a water solvation

shell of 30 water molecules, as recommended by Aldeghi et al.[109]

2.4.2 Absolute binding free energy calculations

Absolute Binding Free Energy (ABFE) calculations employ MD simulations and

alchemical transformations to rigorously calculate the binding energy of a ligand to

a protein, via a non-physical pathway. Through using atomistic MD, all solvent

and entropic e�ects, which are neglected by scoring functions and MM-PBSA,

are fully accounted for.

Another alchemical calculation known Relative Binding Free energies (RBFEs),

which look at the ��G associated with binding ligand A to ligand B, have proven

more popular within drug discovery. These require less intermediate states on

the alchemical pathway and benefit from multiple error cancellations. The FEP+

package, from Schrodinger, has successfully commercialised this method which is

rapidly being adopted in industry.[111] However, there are scenarios where ABFE

can be the better alternative. Firstly, it can provide the �Gbind value of a given
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docked pose directly allowing accurate ranking of poses. Secondly, RBFE methods

are limited by the number, type and charges of heavy atom changes between

ligand A and B, while ABFE has no limit to the di�erences in atoms between

the two ligands being compared.[58]

Alchemical cycles for ABFE

�Gbind is a state function, meaning the binding pathway of the ligand has no e�ect

on the value of �Gbind as long as the start and end states are the same. There

are no limitations of the pathway taken, allowing non-physical (or alchemical)

pathways to be used. Figure 2.2 shows an alchemical cycle used within ABFE

calculations. �Gbind is calculated from performing multiple alchemical transforma-

tions to intermediate states around this non-physical cycle. The energy change to

each intermediate state is from independent MD simulations modelling a discrete

point inbetween these states.

Walking through the cycle in Figure 2.2, initially the ligand is free in solution.

The ligand then undergo several alchemical changes to have its Coulombic charges

then vdW interactions decoupled. This ligand is essentially ‘naked’ to the protein.

Restraints are applied to this ligand to ensure its orientation is held relative to the

binding site, regardless of the lack of interactions. This non-interacting, restrained

ligand in solution is essentially the same as the bare ligand in the binding site

and so no work is needed to move it into the binding site. The protein bound

ligand can now have its vdW and Couloumbic interactions slowly reintroduced

before the restraints are finally released. This path has taken the ligand from

solution to protein bound, and so the �Gbind is the sum of individual energy

changes around this pathway.[176, 177]

As just discussed, it is important to restrain the ligand relative to the binding

site to ensure it doesn’t wander away from the binding site. There are multiple

methods to hold the ligand, including spherical and flat-bottom restraints. However,

a set of restraints developed by Boresch et al. are particularly useful in ABFE

calculations. These restraints involve fixing one bond, two angles and three dihedrals.
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Figure 2.2: Alchemical cycle for ABFE calculations. Reproduced with permission from
Aldeghi et al., Chemical Science.[177] - Published by The Royal Society of Chemistry.

The energy loss of these degrees of freedom in the ligand from this combination

can be calculated analytically from statistical mechanics, allowing the number of

MD simulations used for ligand decoupling to be reduced.[184] The energy penalty

calculation for loss of freedom for the ligand is shown in eqn 2.47:

�Gsolv
restr = ≠kBT ln

C
8fiV 0

r2
0sin◊A,0sin◊B,0

· (KrK◊AK◊B K„AK„B K„C ) 1
2

(2fikBT )3

D

(2.47)

where K is the force constant applied in the restraints, R is the equilibrium bond

length restrained, ◊A and ◊B are the equilibrium values of the two angle restraints,

and „A, „B, and „C are the equilibrium values of the three dihedral restraints.[184]

Estimating �Gbind from intermediate states

Calculation of �Gbind using alchemical methods requires su�cient sampling of

phase space, over the ⁄ space of the transformation. Practically, this can be be
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done by sampling ⁄-space over several discrete windows that ensure su�cient phase

space overlap with each other. Hence, the free energy changes are performed

using individual MD simulation windows, each at a di�erent stage along the

decoupling/recoupling ⁄ pathway. The position on this pathway is defined by

the variable l, which can hold any value between 0 and 1.

Thermodynamic integration (TI) is a widely used gradient method for extracting

the free energy values, calculating the ensemble average of �G
�⁄ for a series of discrete

l values. The overall free energy change over all intermediate steps is then extracted

through numerical integration, normally using the trapezoid rule:

�G0,1 =
⁄ i=1

⁄=0

ˆU(⁄, x)
ˆ⁄

(2.48)

This method has been used by Bhati et al. in their TIES approach to use an

increased number of replicas to better estimate �G
�⁄ for each intermediate step.[185]

The Zwanzig relation is a perturbation approach that uses an exponentially

weighted ensemble average of the di�erences in potential energy between two states

(0, 1) with su�cient phase space overlap to estimate the change in free energy,

shown in eqn 2.49. Although being mathematically exact, this method shows slow

convergence and the direction of calculation can lead to hysteresis. An improvement

on these exponential averaging techniques is Bennett’s acceptance ratio, which is a

maximum likelihood estimate of the free energy from two samples, in two states.

This method requires less samples to converge. The results are even more improved

using the multistate Bennett’s Acceptance Ratio (MBAR), proposed by Shirts et

al.,[186] which uses a series of weighting functions to reduce the uncertainty of the

values obtained. Thus MBAR has been used for all free energy calculations in this

thesis, as implemented in the alchemical-analysis.py script.[187]

�G0,1 = ≠kBT ln
e
e≠—(U1(x)≠U0(x))

f

0
(2.49)

Replica exchange has been shown to aid convergence of calculations and improve

the accuracy of the values identified. This technique enhances the sampling through

multiple replicas of the same system run at di�erent thermodynamics states. Using
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a Monte Carlo selection criteria for state exchange, this method allows large energy

barriers to be overcome in the system while maintaining the correct distribution

of states. This technique also allows l to be varied, through Hamiltonian Replica

Exchange, increasing the mixing between states and thus improving the phase

overlap. These methods come at an increased computational cost and require

all intermediate states to be run in parallel to allow communication, given the

resources available this technique was not used.

Removing artefacts: Charge correction

For systems that contained a charged ligand, removal of the ligand introduces a

change of net charge over the system and thus leads to artefacts. Although still

a major issue in alchemistry fields, there are several techniques that have been

employed to correct for this observation.[188, 189] The semi-analytical correction

scheme set out by Rocklin et al. uses Poisson-Boltzmann calculations on the complex

and free ligand systems in implicit solvent to estimate the overall free energy

di�erence imposed due to the introduction of charge.[189] This was implemented

using APBS (v.1.5).[183]

Methods for performing ABFE

All simulations of di�ering l values were parameterised and solvated as described

in § 2.2.7, where simulations were performed for 15 ns in triplicate without replica

exchange, after 200 ps of NVT equilibration and 200 ns of NPT equilibration. The

non-physical cycle used for the the calculation of absolute binding free energies

consists of three stages of calculations: firstly the ligand vdW interactions were

decoupled and Coulombic interactions annihilated over 32 MD simulations, with

the free energy of this transformation calculated using the mBAR method, as

implemented in the alchemical_analysis.py script.[187] In GROMACS 2019, this

stage was split into 11 windows for annihilation of Coulombic interactions and 21

windows for vdW decoupling, each with a separate mBAR calculation. The protocol

for calculations in both 2016.3 and 2019.0 were slightly di�erent to that used by

Aldeghi et al., removing the now defunct requirement for l-space transitions to
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dummy atoms and instead fully decoupling the ligand from its environment. This

allowed for total ligand annihilation to the gas phase, rather than conversion to

an ‘o�’ state. The LJ-PME cuto� correction was also applied to remove artefacts

derived from using a long-range cuto� within the simulations.[156]

Secondly, the loss of degrees of freedom caused by addition of Boresch restraints

are accounted for through an analytical correction, discussed in Section 2.4.2.

Finally, the free energy of reintroducing the nonbonded interactions and removal of

the Boresch restraints is calculated by a second mBAR calculation over 42 windows

for GROMACS 2016. The phasing in/out of nonbonded interactions was performed

using a linear transformation of Dl = 0.05 for the van der Waals and Dl= 0.1 for

the Coulombic transformations. The addition/removal of ligand restraints used 12

non-uniformly distributed lvalues (0.0, 0.01, 0.025, 0.05, 0.075, 0.1, 0.15, 0.2, 0.3,

0.5, 0.75, 1.0). In GROMACS 2019 the same setup is used, however separated into

a set of 21, 11 and 12 l windows for the vdW recoupling, reintroduction of the

Coulombic interactions and removal of the restraints, respectively. These spacings

of l values was proposed by Aldeghi et al.[58]

Proteins and ligands were prepared and parameterised as described in Section

2.2.7, where ligand 41 (discussed in § 4.2.1) was parameterised with RESP charges

and 45 was eventually parameterised using AM1-BCC charges (discussed in §

4.2.2).[157, 158] Initial ligand poses were generated through docking, and then sub-

jected to 5 ns of production MD to obtain an equilibrated system. Where averaged

Boresch restraints were used, a 15 ns equilibrium MD simulation was performed

and the bonds/angles/dihedrals averaged over the last 5 ns of the simulation.

Large speed increases were available for free energy calculations with the

release of GROMACS 2019, where all simulations not involving Coulombic de-

coupling/recoupling could be GPU accelerated. This provided an opportunity to

increase the speed of ABFE calculations and the ability to perform them on GPU

heavy, rather than CPU heavy, high-performance computing (HPC) resources.

The protocol described below was applied to the calculations described in §
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4.4.2 and § 4.5.1. A brief overview of re-examining the bromosporine systems

is discussed in § B.1.

It should be noted that when using GROMACS 2019.0, errors arose when

the systems were run on HPC resources with large numbers of CPUs. The large

number of CPUs lead to multiple mpi threads to speed up the calculations, however

a bug present in GROMACS 2019.0 to GROMACS 2019.2 failed to impose any

restraints when more than one MPI thread was used (Redmine Bug Number:

2953 - https://redmine.gromacs.org/issues/2953). Through enforcing one

MPI thread, a slight decrease in speed was observed. However, this allowed

correct addition of the restraints.

2.4.3 Grand canonical integration to estimate water bind-
ing energies

It has been shown that the binding energies of waters, which are inserted/deleted in

a region in Grand Canonical Monte Carlo (GCMC) simulations, can be extracted

using Grand Canonical Integration (GCI). Through varying the Adam’s value over

multiple systems, hence the chemical potential of the systems, it is possible to plot

the Adam’s value against the number of water molecules in the box. Integration

under the curve, hence the GCI name, it is possible to estimate the energy of

bringing N water molecules from the ideal gas reservoir into the GCMC region,

�Gtrans(N). Through placing this value in a two step thermodynamic cycle then

allows the value of the binding energy to be calculated;

�Gbind(N) = �Gtrans(N) ≠ �Ghyd(N) (2.50)

where �Ghyd(N) can be calculated by double decoupling for a given water model

and available in the literature.[114] This technique was adapted by Aldeghi et al.

to rigorously extract the binding energies of both the entire network and individual

water molecules within the binding site and then estimate the binding a�nities of

individual water molecules.[28] This method has been used in this thesis to probe

the binding a�nities of water molecules in the ZA channel of bromodomain protein.
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Method for implementation

The protocol for water binding energy calculations was adapted from the work

by Aldeghi et al..[28] Simulation setup started with all structures being aligned

to a structure of BRD4(1) (PDB: 2OSS), using PyMOL (v. 1.8), to ensure the

definition of the search area remained the same as previously published. Structures

were checked for missing residues using the WHAT-IF web-interface,[165] and all

non-protein atoms were removed from the structure. The protein structure was then

protonated using the reduce tool within AmberTools16.[160] The pKa values for Asp,

Glu, Lys and Cys residues were predicted using PROPKA3 (v. 3.1),[190] where

these residues were modelled in the structure as deprotonated if the pKa was found

to be >1.0 units beyond the pH of solution.[191] The system then underwent a short

1000 step energy minimisation using the sander package within AmberTools16.[160]

Two GC regions were defined, one encompassing the binding site waters and

another covering the ZA channel of the protein. Proteins were parameterised with

the AMBER �14sd force field.[192] Only the TIP3P water model was used,[168]

unlike the weighted average of the TIP3P, TIP4P and SPC water models previously

performed by Aldeghi et al.. The bulk hydration enthalpies for the TIP3P model was

set at ≠6.18 kcal/mol.[28] Residues more than 20 Å away from the GC region were

removed for the simulation, and a solvation shell of radius 30 Å was imposed around

the centre of the GC region. An equilibration set of 50M solvent only moves were

performed, where GC region waters were removed before the production simulation.

A total of 32 GCMC replica exchange simulations were performed using ProtoMS

3.3 in triplicate,[174] where the replicas covered a range of Adam’s values from

≠1 to ≠32, in integer increments. All simulations were performed at 298 K with

a long-range interaction cut-o� of 10 Å. Before production MC, 15M moves of

the TIP3P waters proceeded a further 5M moves of both the solvent and protein.

Production simulations were performed using 50M moves, with data exchange

allowed every 0.2M steps, as described by Aldeghi et al.[28]

Energies were calculated using Grand Canonical Integration (GCI), using

scripts within ProtoMS 3.3.[174] The equilibration period was calculated through
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an adapted version of the calc_series.py script, and the average equilibrium

period over all 32 windows was used for the set of simulations. The lowest

integer Adam’s value was found using the calc_gci.py script, and this value

was to identify the most stable waters through clustering with calc_clusters.py.

To find the energies of each crystallographic water molecule, the clusters best

representing the crystallographic waters were selected. A non-rigorous localised GCI

calculation, looking at the energy di�erence between bulk and a 2 Å sphere around

each cluster was performed using calc_local_gci.py, written by Dr G. Ross and

available at github.com/gregoryross/watertoolbox-protoms.git. This yielded

an approximation of the binding energy of each water molecule.

2.5 Molecular feature prediction
Cavity detection and pharmacophoric feature search

The Cambridge Crystallographic Data Centre’s (CCDC) SuperStar (2019 v.1) was

used to predict cavities and probe pharmacophores.[193] Apo structures of the

PHD/BRD from TRIM24, TRIM33a & TRIM33b were taken from the PDB files

4YAC, the completed structure of 3U5M and 5MR8, respectively.[53, 76]. Cavity

detection was performed over the entire protein at physiological pH, using the

‘shallow/normal’ cavity type, a grid spacing of 0.7 Å and a minimum cavity volume

of 10 Å3. Pharmacophores were detected through screening a range of atom type

propensities against entire protein structures.

pKa prediction

pKa predictions of amine groups was performed using ACD labs (ACD, version

2018.1, Advanced Chemistry Development, Toronto, Canada, www.acdlabs.com,

2019) and ChemAxon’s cxcalc tool. For all simulations, the major microspecies

was modelled unless stated, which was identified using the majormicrospecies

tool within the Marvin Suite.
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Geometry optimisation

The optimised geometry calculation of the urea containing compounds, 27 and

28 (discussed in § 3.3.1) was performed in Gaussian 2003 (Rev. E.01), at the

HF/6-31G(d) level of theory. Input Gaussian files were prepared and converted

using antechamber, found within AmberTools16.[194]

2.5.1 Tractable library building

For design of BI-2536 analogues in § 5.3.1, all 3922 available acyl chlorides and

carboxylic acids were downloaded from the Sigma Selected Structures website

(April 2019). These were joined to 100 using the following reaction SMART:

[C:1](=[O:2])-[C1D1,OD1].[N!H0:3] » [C:1](=[O:2])[N:3]. The resulting

4497 compounds were then subject to a PAINS filter, using a substructure match

in RDKit (v. 2017.03.3 - www.rdkit.org) against the PAINS smarts available

at github.com/rdkit/rdkit/blob/master/Data/Pains/wehi_pains.csv based

on the publication by Saubern et al.[195] The remaining 4415 compounds were

then subjected to a structure factor index (SFI) < 11 filter, implemented with

ChemAxon’s cxcalc tool to remove 76 compounds. The remaining compounds

were prepared for docking with GOLD, with a H-bond constraint to ensure the

KAc mimic binds the conserved asparagine.

For building of benzimidalazone analogues, the entire MOE linker library was

screened against the selected C-H bond.[196] If a substitution was spatially allowed,

it was then scored within MOE. The resulting compounds were then subject to

the aforementioned PAINS filter to remove likely false positive compounds. The

resulting compounds were subject to a diversity filter, to reduce the number of

MD simulations to perform. This filter was implemented using the MaxMinPicker

within RDKit, which selects compounds with the greatest distance between their

Morgan fingerprints.
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2.6 Docking

Docking is a powerful in silico tool for predicting binding orientations of one molecule

to another using a search algorithm, which is often combined with a scoring function

to measure the strength of this association. This has been employed with large

macromolecular targets, probing protein protein interactions and DNA binding.[197]

However, docking has shown its strength in protein-ligand docking, where entire

libraries of compounds can be screen against a protein target in relatively short

time periods in Virtual Screening.

Within docking, there are several restraints used to reduce the time taken to

dock. The search region, or box, is often centred around the binding site with

a finite boundary to reduce the search space. This can reduce the docking time

significantly. However, if the binding site of the protein is not known, then the

search region is often increased. This method, known as ‘blind docking’ is useful

at identifying binding sites in proteins. Binding sites are dynamic, but sampling

all protein conformations is time consuming.

�G = �GvdW + �Ghbond + �Gelec + �Gconform + �Gtor + �Gsol (2.51)

The first major component of docking is the searching for low energy poses.

The aim here is to quickly probe the energetic landscape of ligand and protein

binding to find a minimum. Di�erent softwares approach this in di�erent ways,

with AutoDock4 choosing to use a Lamarckian Genetic algorithm. The second

component is the scoring functions, which provides an estimation of the strength

of the given low energy pose. Force field approaches have been used in scoring

functions, however these are often expensive. Empirical based scoring functions

are a fraction of the computational cost and still perform well at ranking poses

and giving a scale of the possible interaction strength. Equation 2.51 shows the

empirical structure based function that is used within AutoDock4. This has the

standard bonded and nonbonded interactions that you would expect in a force field,
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see section 2.1.1, but with additional terms to account for the ligand desolvation

(�Gsolv) and loss of degrees of freedom upon binding (�Gtor)[106]

2.6.1 Application of docking within this thesis

The work within here looks at using the AutoDock4 package and MOE to perform

molecular docking. Protein models were protonated and water networks of the

binding site and ZA channel waters optimised within the Molecular Operating

Environment (MOE) package (v. 2018.2) with the exception of the docking

performed in Chapter 3. For the docking within this Chapter only waters W0-W5

were retained in the protein structure, all other crystallographic waters, ions and

peptides were removed. Protein residue protonation states were assigned within

GROMACS 2016.3, with water orientations optimised using a steepest decent energy

minimisation protocol with a cut-o� of 100 kJ mol≠1. This protocol used the TIP3P

water model,[168] and the AMBER�99sb-ildn force field for the protein.[161]

All protein structures were aligned to Chain B of the apo TRIM24 structure

(PDB ID: 3O33), except structures used for blind docking which were rotated

to fit a Cartesian axis using the save_transformed.py PyMOL plugin. Binding

site definitions for site specific docking and blind docking can be found within

the Appendix, Table A.3 & Table A.4.

AutoDock4

Site specific docking was performed using AutoDock4,[107] using a population

size of 100, 2,500,000 GA energy evaluations and a grid spacing of 0.35 Å. Blind

docking, over the entire protein structure, was performed using a grid spacing of

1.00 Å with all aforementioned parameters. Blind docking was not performed in

AutoDock Vina,[198] as this software failed to reproduce ligand binding poses of

TRIM24 ligands in the TRIM24 BRD (data not shown). Ligand protonation states

at pH 7.4 were assigned using the cxcalc tool within the Marvin Suite 16.16.6.0,

2016, ChemAxon (https://www.chemaxon.com). Protein and ligand structures

were converted to the required PDBQT format using the prepare_ligand4.py and
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prepare_receptor4.py scripts, found within the MGLTools package (v. 1.5.6).[107]

Ligand poses were clustered using a 2 Å RMSD cut-o�, which was able to di�erentiate

between di�erent binding poses, with the lowest energy pose of each cluster

considered for further studies.

MOE

Docking within MOE (v. 2018.2) used the default settings,[196] with a pharma-

cophore query to require an acceptor atom to H-bond with N1039 in TRIM33b.

2.7 Homology modelling

In the absence of a crystal structure, homology modelling can be used to build a

3D model based on the structures of similar proteins. This comparative modelling

technique relies on the identification of known structures (templates) with a high

degree of sequence homology to the sequence of the unknown structure (target).

Through alignment of the sequences, a model of the target can be built from

one or more templates.[199, 200]

Methods used for homology modelling

MODELLER (v.9.9) was used for all homology model generations, with the generic

protocol being the generation of 100 models created, where the model with the

lowest DOPE score was taken forward to validation.[201, 202] MD simulations of

the apo protein were used to check the stability of the models, through assessing the

root mean squared deviation (RMSD) of the protein backbone atoms over time.[203]

Homology modelling was also employed within Chapter 3 to model the missing BC

and inter-domain linker loop residues in TRIM33a, using the partial structure from

PDB ID: 3U5M. In this case a consensus protein structure prediction was performed

using the Prabi server(npsa-prabi.ibcp.fr) to dictate structural restraints. The

model was generated in two parts: i) The predicted a-helices were added as an

extension to aB and aC , using PDB ID: 3U5M as the template ii) The BC and

linker loops were then added, with the a-helices restrained.
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Why has pharmaceutical research and development

lagged so far behind other industries in the develop-

ment and application of simulation and modelling for

research and development?

— Walter S. Woltosz, If we designed airplanes like we
design drugs...[94]

3
Determining the binding modes of

TRIM33 ligands
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The work presented in this chapter aims to understand the binding modes of

ligands identified in a previous high-throughput screen for TRIM33. This work

relies on molecular docking and subsequent MD studies to assess the docked poses.
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Figure 3.1: Final ligands from high-throughput screen. Over 30,000 compounds from the
Maybridge and PPI-NET library were screened against TRIM24 and TRIM33 PHD/BRD
cassette, with 6 compounds remaining after refinement.[204] All ligands in the figure show
binding to the TRIM proteins through the AlphaScreen™ assay, with determined IC50
values shown in Table 3.1.

3.1 Introduction

In a series of AlphaScreen™ and WaterLOGSY assays, described in Section 1.5,

seven compounds from the PPI-Net and Maybridge libraries were identified as

binders of the TRIM24/TRIM33 PHD and BRD reader domains by Dr A. Sekirnik

and Dr L. See.[124, 204] Four of these compounds - 25, 26, 27 and 28 - were

found to bind in both orthogonal assays. Compound 29 was found to not bind

by WaterLOGSY, despite showing binding within the AlphaScreen™ assay.[204]

Two further compounds - 30 and 31 - were either not soluble in the WaterLOGSY

assays conditions or gave ambiguous results, despite showing binding within the

AlphaScreen™ assay.

The AlphaScreen™ assay data are summarised in Table 3.1. The AlphaScreen™ data

shows IC50 values calculated from displacement of three modified H3 peptides. These
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Table 3.1: AlphaScreen™ data for TRIM24/33 HTS hits. IC50 values were determined
for two of the HTS hit compounds. It should be noted that di�ering a�nities of the H3
peptides to the proteins prevents comparison of the values between H3 peptides or proteins.
Data was collected by Dr L. See,[204] H3 protein-peptide a�nities are shown in Appendix
Table A.1. All hits were verified as true positives using the TruHits™ validation kit.[117]

Ligand Peptide IC50(AlphaScreen™)/µM
TRIM24 TRIM33a TRIM33b

25
H3(BRD) > 250 2.79 ± 0.83 18.4 ± 2.06
H3(PHD) > 250 > 250 > 250
H3(Dual) > 250 14.1 ± 1.62 > 250

26
H3(BRD) 41.7 ± 7.82 51.8 ± 3.87 59.4 ± 5.73
H3(PHD) 41.8 ± 5.11 43.2 ± 5.67 78.6 ± 9.27
H3(Dual) 62.2 ± 4.15 56.5 ± 10.3 111 ± 13.5

peptides contain modifications recognised by the reader domains: either K18Ac

(known as H3(BRD)), K9Me3 (known as H3(PHD)) or both simultaneously (known

as H3(Dual)).[116] Through the di�erences in peptide displacement, the location

of ligand binding can be estimated. However, each modified peptide has di�ering

a�nities to the same protein, and the same peptide will have di�ering a�nities

to the di�erent proteins. Hence, the IC50 values can not be compared between

peptides or proteins. It should be noted that conversion to of IC50 to Ki values

could make these values comparable. Unfortunately, the IC50 curves fail to reach

100% peptide displacement, preventing this numeric conversion.[204]

Wild type (WT) and mutant WaterLOGSY data are shown in Table 3.2. Studies

on the N to F and W to A mutants sought to determine if the ligands bound in the

vicinity of the BRD binding site, or in the vicinity of the PHD’s Trp residue. These

mutant studies removed either an Asn residue, which is vital to KAc binding in the

BRD site, or the Trp residue that binds the K9Me3 mark on the H3 peptide.

The data indicate that 25 binds the TRIM24/33 BRD sites, but is not selective

between TRIM24 and TRIM33. Compound 26 is TRIM33 selective, but binding

dependence on both N1039 and W890, shown by WaterLOGSY, makes the binding

site location hard to identify. Compounds 27 and 28 show no selectivity between

TRIM proteins, and the WaterLOGSY data indicate no dependence on either

N1039 or W890 for binding making the binding site ambiguous. However, a
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Table 3.2: WaterLOGSY data for TRIM24/33 HTS hits. The Xsymbol denotes when
binding was detected, a 7 notes when binding was not detected and v denotes an
ambiguous result. Data were collected by Dr L. See.[204]

Ligand TRIM24 TRIM33a TRIM33b
WT N980F W828A WT N1039F W889A WT N1039F W889A

25 X 7 X X X X X v X
26 7 7 7 X X X X 7 7
27 X X X X X X X X X
28 X X X X X X X X X
29 7 - - 7 - - 7 - -
31 v - - v - - v - -

positive AlphaScreen™ result for ligands 27 and 28 indicate that the binding sites

should be in the vicinity of a one of the H3 binding regions, leading to peptide

displacement and assay detection.[204]

There is no crystallographic data of these ligands binding to either TRIM24 or

TRIM33, and the assay data only confirm the binding locations of one compound:

25. The work presented in this chapter initially looks at identifying the binding

locations through co-crystallisation. It then pursues an in silico approach to

identifying potential binding locations of the HTS ligands through blind docking

and subsequent MD studies. All synthetic experimental details, can be found at the

end of the chapter, with spectroscopic supporting data available in the Appendix.

3.2 Co-crystallisation e�orts to identify ligand
binding modes

To elucidate the binding locations of the HTS ligands within the PHD/BRD cassette,

it was decided to synthesise the compounds and attempt co-crystallisation against

TRIM33b, through a collaboration with Prof. S. Knapp. TRIM33b was selected for

two reasons, firstly that the TRIM24 BRD already had published inhibitors,[53].

Secondly, the crystal structures of H3 bound TRIM33a (Table A.2) shows that the

KAc binding Asn residue resides on the a-helix in a position that is not within the

binding site and so likely to be the inactive form of the binding site.[76]
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Scheme 3.1: Synthesis of 1-phenyl-3-(quinolin-7-yl)urea (27), 1-(1H -indazol-5-yl)urea
(30) & 1-(1H -indazol-5-yl)thiourea (36). Reagents and conditions: i) DDQ, CH2Cl2,
60 ¶C, 2 h, 54% ii) Fe, AcOH, 80¶C, 2 h iii) phenyl isocyanate, acetone, rt, 16 h, 37% iv)
Sodium isocynate, AcOH, H2O, rt, 20 hr, 54%, v) 1,1-Thiocarbonyldiimidizole, CH2Cl2,
rt, 16 h, 25%.

Synthesis of compound 27 was performed from 32, as shown in Scheme 3.1A, via

the formation of a quinoline, 33, that was subsequently reduced to give an unstable

amine, 34. This compound was immediately reacted with phenyl isocyanate. Other

compounds shown to bind in the HTS (25, 26 & 31), were synthesised by Dr L.

See and A. Scorah. Despite these e�orts, no co-crystal structures were obtained

through the course of this project.

Further crystallisation attempts expanded to include compound 30, which

was previously excluded from further studies due to a lack of solubility in assay

conditions.[204] However, given similarity to compound 27, a co-crystal structure

could aid identifying the binding location of the urea-containing compounds. A

one step synthetic route was devised and performed through reaction of the amide

(35) with sodium isocyanate (Scheme 3.1B). Unfortunately, this compound did

not lead to any successful co-crystal structures.

Due to the insolubility in the AlphaScreen™ assays compound 30 was also

not confirmed as a true positive binder of TRIM33. To verify this ligand a

soluble thiourea analogue of compound 30 was proposed, giving compound 36, and

synthesised as shown in Scheme 3.1C. However, 36 did not show a positive response
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in the AlphaScreen™ assay, indicating it has a low a�nity for TRIM33b. This

ruled 36, and its predecessor 30, out of all subsequent studies.

3.3 In silico approaches to locate ligand binding
sites

With no co-crystallisation studies able to identify the binding locations of the

HTS hits, and only compound 25 having assay data indicating its binding site,

an orthogonal, in silico approach was adopted. This approach commenced with

experiments to determine the regions of the protein that could be potential binding

sites. These sites were then the focus of cavity detection and H3 peptide MD to

elucidate possible binding sites of 26, 27 and 28.

Before the crystal structures could be used in studies (TRIM24: 4YAX; TRIM33a:

3U5M; TRIM33b: 5MR8), structures with missing residues needed to be completed.

All crystallographic structures of the TRIM33a PHD/BRD are missing residues on

the aB and aC loops, which are in proximity to the binding site, likely due to this

region pointing towards empty space within the crystal packing. The structure was

completed, as described in Section 2.7, and shown in Figure 3.2A. The modelled

BRD maintains a stable RMSD during equilibrium MD (data not shown). Both

the homology model and crystal structure show that the 17 amino-acid insertion

positions the KAc binding residue, N1039, away from the binding site. This supports

the hypothesis that TRIM33a could be the non-chromatin-binding isoform of the

BRD. However, crystal structures (PDB ID: 3U5O) still show H3 binding to the

BRD via an alternative interaction between E981 and H3R17.[76] ITC experiments

by Dr L. See, Table A.1, show that there is a ten-fold decrease in a�nity for the

H3(BRD) peptide for TRIM33a when compared to TRIM33b.

The AlphaScreen™ assay relies on peptide displacement by a ligand. Hence

the result implies that the ligand binds in the same regions of the protein as the

H3 peptide. This principle narrowed the search for binding regions of ligands

detected by AlphaScreen™. This is not true for ligands that give a positive result

by WaterLOGSY, where ligand could bind anywhere on the construct. However,
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Figure 3.2: TRIM33 structures. All crystallographic structures of the TRIM33aBRD
are missing the BC loop, which was modelled (A) using the homology modelling protocol
described in §2.7. All TRIM24/33 tandem PHD/BRD structures have the same quaternary
structure, demonstrated by (B) TRIM33b (PDB: 5MR8) with the H3 protein from a
TRIM33a structure (PDB: 3U5O) imposed.

this assay can be combined with mutant studies to provide information on which

residues are required for ligand binding.

There are no complete structures of the H3 peptide binding TRIM33, with

the TRIM33a structure (PDB ID: 3U5O) missing the BC loop of binding site,

and TRIM33b missing all H3 residues beyond K9. The two structures can be

superimposed, Figure 3.2B, to model the structure of TRIM33b with the residues

1-21 of H3 histone tail. In the TRIM33a structure, the H3 peptide binds in the

BRD binding site via K18Ac. It extends over the inter-domain cleft, forming a

cation-p interaction between W889 through H3K9Me3, then forming an extended

b-sheet-type interaction with the PHD at the K4Me0 position. The superimposed

TRIM33b H3 peptide model was subjected to more rigorous MD studies to probe

whether these interactions are conserved.

Simulations of TRIM33b binding H3K18AcK9Me3K4Me0 showed that the

peptide remains bound in all simulations. Multiple anchoring points on the

TRIM cassette were consistent with the crystallised H3 peptide structures. No

rearrangement was observed of the peptide and the anchoring points on the

PHD/BRD cassette. The KAc mimic was observed to interact with H3K18Ac
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Figure 3.3: MD simulations of the H3 peptide bound to TRIM33b PHD/BRD cassette. (A) The distance between the KAc and N1039.
(B) The distance between E977 and Q894, at the top of the interdomain cleft. (C) The H3K9Me3 distance to W889. (D) Comparison of
distances between z-nitrogen of H4Me0 and backbone oxygen of N886 and G887. (E) The hydrogen bonds formed between the H3 peptide
and the PHD (F) Distances of the H-bonds formed between H3K4 to L889 and H3T6 to G897.
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(Figure 3.3A) confirming that ligands which bind to the BRD could displace the H3

peptide. H3R17 is found to sample multiple interactions around the BRD pocket

(data not shown). The H3K14 residue points into solution and rarely towards

the inter-domain cleft, which is unsurprising as it is not resolved in any of the

crystal structures.[76] The K9Me3 group maintains its charged interaction with

W889, which is seen in the crystal structures (Figure 3.3C). There are a further

six polar interactions in the K4Me0 binding site, the first two were formed between

the chain of H3K4Me0 and the backbone atoms of G887 and N886 (Figure 3.3D).

The remaining four interactions were in the b-sheet-like interaction between H3T6-

G897 and H3K4-L889 backbone atoms (Figure 3.3E). The inter-domain cleft is

gated near K3H14 through a hydrogen bond between E977 and Q894, which is

open in the crystal structure (PDB: 5RM8), giving a range of cleft conformations

(Figure 3.3B). Furthermore, comparing these simulations to H3K18AcK9Me0K4Me0

shows a lack of dependence of K9Me3 for peptide binding (data not shown), as

shown in previous experimental work.[124]

It was also important to identify any additional ligand binding sites in the

protein construct beyond the H3 contact points. If additional sites are present,

these could explain the assay data for urea containing compounds. This data

showed binding through WaterLOGSY, but with a lack of dependence on W889 or

N1039. The available crystal structures of the TRIM24, TRIM33a and TRIM33b

PHD-BRD cassettes (Appendix Table A.2) have most of residues present in the

assay constructs resolved. Alignment of the crystal structure sequences with the

experimental recombinant protein constructs show relatively short peptide chains

missing from either terminus. Hence it was appropriate to use the crystal structures

for in silico characterisation.

Applying a cavity detection tool to the TRIM24 and TRIM33 cassettes, multiple

shallow binding cavities were detected (Figure 3.4). All the structures show a deep

cavity in the BRD, which contains the KAc-binding Asn residue. A long, thin

cavity is seen in the inter-domain cleft between the PHD and BRD, extending along

the PHD and BRD boundary beyond the H3-binding region. There is a shallow
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Figure 3.4: Cavity detection search on TRIM24/33 PHD/BRD cassettes. A cavity search
was performed using the CCDC Superstar cavity detection search tool,[205] highlighting
putative binding regions on (A) TRIM24, (B) TRIM33a and (C) TRIM33b. For all three
proteins cavities were observed in the BRD-KAc binding region, the inter-domain cleft,
a shallow site surrounding the K3Me0-binding region, a large cavity in the construct
underside, and regions between the BRD a-helices.

cavity in the K4Me0-binding region and no cavity adjacent to W890, which binds

K9Me3. Each construct shows small cavities in the regions between a-helices on

the BRD. Finally, all structures show a larger cavity on the opposite sides to the
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PHD and BRD binding sites, which we refer from here as the ‘underside’ cavity.

This cavity may not be biologically relevant in the context of the entire TRIM

protein quaternary structure, however, it remains a possible binding site on the

constructs used in the experimental assays.

3.3.1 Identifying ligand binding sites through blind dock-
ing studies

As discussed in Section 3.2, given the novelty of the target and lack of published

ligands when compared to TRIM24,[53] we decided to focus all subsequent studies

on the TRIM33b PHD/BRD cassette.

Without a co-crystal structure, and a range of possible binding sites for each

ligand, with the exception of 25, a series of blind docking studies were performed

to identify potential binding sites for each ligand. The search region encompassed

the entire protein above the underside cavity, which was independently docked

in studies described later. Compounds 27, 28 & 26 were each docked 100 times

against the TRIM24/33 cassettes, with the ligand centre of masses shown as a

green sphere in Figure 3.6. Ligand 30 was also reintroduced for this study, where

docked poses could help identify urea-binding regions. The ligand model torsions

were set to allow all non-conjugated bonds to rotate, along with the urea-aryl

bonds in compounds 27 & 28. This decision was supported through optimised

geometry calculations, Figure 3.5, which showed the urea-containing compounds

adopted a folded conformation to reduce steric repulsion of hydrogen atoms, and

allowing partial stacking of the conjugated rings. Though it should be noted that

these geometries were calculated in the gas phase.

Blind docking of compound 30 shows that the mono-capped urea could act

as a KAc mimic and bind within the BRD pocket. This group could also bind

at the K4-binding site on the PHD, mimicking the amide backbone that binds

the PHD to H3K4Me0. There is also possibility of it binding in the inter-domain

cleft. When the urea is capped at both ends, as in 27 and 28, resulting in folded

conformations, there is an increase in the number of possible binding sites. Both 27
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Figure 3.5: Optimised geometry performed for compounds 27 & 28. DFT calculations
were used to calculate the optimised geometry for compounds 27 (A) and 28 (B), which
showed a folded conformation over a linear one.

and 28 present a range of possible binding sites. The spheres in Figure 3.6, which

represent the ligand centre of masses, do not overlap perfectly, indicating multiple

binding modes within these sites. There were also multiple sites identified between

the a-helices in the bromodomain, which could be an artefact of the poor scoring of

ring systems in docking. Comparing these observations with the assay data, the

lack of N1039 dependence means the docks to the BRD could be ignored, as could

the sites on the a-helices. Hence, the blind docking showed that further studies

into the inter-domain cleft and the K4Me0 binding site are needed. Binding in the

inter-domain cleft or at the K4 site fits with the AlphaScreen™ data, as these sites

could lead to H3 displacement. This could occur either through bulk at the domain

interface or competing against the b-sheet formation at the H3K4Me0 site. Blind

docking of compound 26 indicated that its binding site is in the proximity of the

BRD and top of the inter-domain cleft. This is consistent with the WaterLOGSY

data which showed dependence on N1039 and W889, which is close to this region.

This region will be the focus of future studies.
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Figure 3.6: Blind docking against TRIM33b. Ligands 30 (A), 27 (B), 28 (C) and 26
(D) underwent blind docking studies against TRIM33b(shown) and TRIM24 (Appendix).
For clarity, the green spheres represent the ligand centre of mass,
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Figure 3.7: Defined docking regions used for site directed docking of TRIM33b (PDB:
5RM8). A range of binding regions were selected for site directed docking studies i) The
BRD site (red) for compound 25; ii) The BRD site and adjacent ZA channel (orange)
for compound 26 (orange); iii) the interdomain cleft (pink) for compounds 27 & 28; iv)
the PHD (cyan) encompassing the K9Me3 binging Trp residue and the K4Me0 binding
interface for compounds 27 & 28; v) The ‘underside’ cavity.

3.3.2 Site specific docking and MD studies to identify lig-
and binding poses

To validate the sites identified through blind docking, a two step approach was

adopted. Firstly, site-specific docking was performed at the regions identified by

blind docking. This docking was completed using a smaller grid spacing of 0.375 Å

to increase the resolution. Poses were inspected, manually filtered, and finally the

pose stability was assessed through molecular dynamics simulations. Assessing

pose stability through MD has been shown by Liu et al. to be a useful measure

of whether ligand binding is feasible. They show that 95% of correct ligand poses

are retained an RMSD of < 2.0 Å in equilibrium MD simulations, while 25-44% of

decoy poses could be ruled out through MD using the same criteria.[206]

Compound 25 was docked to the KAc-binding site. Compounds 27 & 28

were docked in three grids centred around: i) the inter-domain cleft, ii) a region

encompassing the H3H4Me0 and H3K9Me3 binding sites iii) an additional docking

region encompassing the underside cavity. Finally, compound 26 was docked to

a larger region encompassing both the BRD and inter-domain cleft cavities. This
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decision was based on the large region of binding in the blind docking studies.

These regions are depicted in Figure 3.7 and each docking study is expanded

on in the subsequent sections.

Studies on the benzimidazolone hit: 25

Compound 25 contains an obvious KAc mimic within its benzimidazolone core.

This core has previously been used in BRD ligands, including the series developed

against TRIM24 which have been accompanied by co-crystal structures.[53] 25

bound to TRIM24 and both isoforms of TRIM33 with low micromolar a�nity

Table 3.1, in AlphaScreen™ assays. Docking of 25 to the TRIM33b BRD yields two

poses that have the KAc mimic interacting with N1039. Both these poses placed

the amine containing vector (at the 5-position) projecting from the core towards

(Figure 3.8B) or away from the binding site (Figure 3.8C). Confidence in these poses

is increased when compared to crystal structures of similar ligands bound to TRIM24,

Figure 3.8A. In this structure the KAc mimic sits in the BRD pocket in an identical

fashion, with the methyl groups keeping the core vertical within the binding site.

There is no clear preference for one pose over the other, visually or by docking score.

The docking shows that E981 can form a polar interaction with the benzylic

amine in either pose, an interaction unique to the TRIM33 BRDs, and o�ers an

opportunity to obtain ligand selectivity. Whether the 5-position points towards

or away from the pocket, an additional polar interaction via the chain’s terminal

amine can be formed. When the 5-position points towards the pocket, the docking

suggests an interaction with the solvent-exposed E984 is possible. Meanwhile,

if the 5-position points away from the binding site then an interaction with the

backbone oxygen of I980 could be possible.

MD studies showed that in both docked poses, the interactions of the benzylic

amine with E981, which was predicted to be charged, is retained for the majority

of the simulations (D1 in Figure 3.9). Both poses also retain an interaction with

N1039, via the benzimidazolone carbonyl oxygen. However, the average RMSD of

the ligands are above 2.0 Å, due to the sulfonamide group and linking aryl groups
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Figure 3.8: Compound 25 docked to TRIM33b and crystal structure of IACS-9571(16)
bound to TRIM24. (A) Compound 25 with vector labelled. (B) IACS-9571 (16), which
contains the same KAc mimic, crystallised in the homologous TRIM24 BRD (PDB:
4YC9). Docking 25 to TRIM33b gave two possible binding modes: (C) the vector at the
5-position pointing away from the binding site or (D) where it points towards the binding
site.
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Figure 3.9: MD studies on compound 25 docked to the TRIM33b BRD. Compound 25
was docked to the TRIM33b BRD in two poses, which were subject to MD simulations,
in triplicate. Five distances, D1 to D5, between the ligand and protein were analysed for
both poses, and the distances have been represented as barcode plots.

forming more transient interactions. This group often remains solvent exposed

while sampling several residues. Distances D2 and D3 in Figure 3.9 show that

interactions of the sulfonamide amine with E984 and the backbone of I980, both

beyond the ZA channel, are possible in both docked modes. The aryl linker is

capable of forming hydrophobic interactions in the vicinity of E1044, near the top

of the aC loop, or near I990, which is found above the binding pocket on the ZA

loop. This is found to be more common in the simulations where the sulfonamide

containing vector is pointing away from the binding site.

Studies on the urea-containing hits, 27 & 28

The urea containing HTS hits, compounds 27 & 28, were docked to the three

putative binding regions of the TRIM33b PHD/BRD cassette which are indicated

in Figure 3.7: i) the interdomain cleft; ii) the PHD site (encompassing K9Me3
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and K4me0 binding regions) and iii) the construct underside. Docking of both

compounds identified one feasible pose for each compound in the interdomain

cleft, 4 feasible poses for each compound in the construct underside and additional

feasible poses at the K4Me0 site. All poses are visualised within the appendix

(Figure A.1 and Figure A.3).

MD studies of the 27 docked poses showed only two stable poses, Figure 3.10A,

with the RMSD from the original pose compared in Figure 3.10B. The pose identified

in the underside of the construct, where the hydrophobic rings are pointing into the

site with the urea solvent exposed, is extremely stable during MD simulations. A

docking pose on the K4Me0 binding site was shown to stabilise, but after rotation

of the ligand in the binding site. Two poses showed a stable RMSD, shown in

Figure 3.10C. Both show that the urea can form polar interactions with either the

C901 backbone or the E903 side chain. The rings are involved in a p-p interaction

with F921, and the quinoline nitrogen interacts with the backbone of L899. The

RMSD data of all docked poses are available in the appendix (Figure A.2).

MD simulations of 28 showed only two poses (Figure 3.11A) retained the ligand

for the majority of the simulation, Figure 3.11B. Both poses failed to stabilise with

a RMSD under 2 Å. The ‘underside’ pose was not accommodated hydrophobic

pocket, unlike 27. This is likely due to a larger 3D structure within 28, which can

be compared in Figure 3.5. Meanwhile, the poses identified at the K4Me0 binding

site are stable after reorganisation, as seen with 27, and formed p-pinteractions with

F921. The RMSD data of all docked poses are available in the appendix, Figure A.4.

Studies of the amide-containing HTS hit: 26

Compound 26 was docked in a large region involving both the BRD, inter-domain

cleft and W889 residue, as shown in Figure 3.7. This identified 5 putative poses of the

ligand that all involved the inter-domain cleft, however, none involved interactions

with N1039 or W889. These poses are shown in the appendix (Figure A.5). Through

the same MD approach, Figure A.6, it was observed that none of the docked poses
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Figure 3.10: Selected docking and MD studies on compound 27 against the
TRIM33b PHD/BRD cassette. (A) Two docked poses showed low RSMD values during
MD simulations: Pose 2 in docking studies towards the underside of the construct (blue)
and pose 2 identified in docking studies against the K4Me0 binding site (cyan). (B) The
RMSD values of the ligands over time. (C) Docked poses at the K4Me0 site showed
rotation during the simulation to give alternative stable poses.

were stable during simulation. The majority of simulations only stabilised with an

average RMSD of over 10 Å, after some form of partial unbinding event.

3.4 Discussion

Crystallography is vital to determining the binding modes of ligands within protein

structures, though unfortunately it was not possible to obtain any co-crystal

structures of the HTS ligands against TRIM33b. Instead a series of modelling

steps were needed to predict the ligand binding modes, where work focused on the

typical, and previously uninhibited TRIM33b isoform of the PHD/BRD cassette.

The most plausible results are from the studies of 25, where the binding site

had already been experimentally determined, and binding mode indicated in a



82 3.4. Discussion

Figure 3.11: Selected docking and MD studies on compound 28 against the
TRIM33b PHD/BRD cassette. (A) Two docked poses did not escape the their respective
binding sites during simulation. Pose 1 in docking studies towards the underside of the
construct (blue) and pose 1 identified in docking studies against the K4Me0 binding site
(cyan). (B) The ligand RMSD values during the simulations. (C) Snapshots of the MD
simulations at 40 ns show rotation of the ligand from the initial pose.

similar protein.[53, 204] The benzimidazolone core docks in an analogous manner to

IACS-9571 (19) in the TRIM24 BRD,[53] with the KAc mimic moiety interacting

with the KAc recognising Asn residue. Residue E981, which is Ala in TRIM24,

is key to both the ligand binding. This residue also o�ers a chance to obtain

selectivity with the benzylic amine. There are few polar residues in the vicinity

of the TRIM33b BRD site, which makes obtaining additional polar interactions

di�cult, though the model shows there is potential for the sulfonamide to interact

with E984. One should also keep in mind that this could be an artefact of poor

sulfonamide group parameters in the MD simulations, which have been shown

previously to e�ect simulated observables in MD.[58]

The binding modes of the urea-containing compounds have remained more

elusive, though MD simulations have shown that compound 27 could bind to the
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underside of the construct with little fluctuation in pose. This finding is less exciting,

given that the underside could not be biologically relevant in the context of the entire

protein. MD studies of the K4Me0 binding site showed that there is possibility for

the urea-containing compounds to form surface interactions via H-bond interactions

with backbone atoms, and p-p interactions with F921. Future mutant studies of F921

residue could determine whether the ligand is, at least partially, residing in this site.

It could be possible that this low a�nity ligand binds in multiple positions. This

could be explored using the Binding Modes of Ligands Using Enhanced Sampling

(BLUES) approach developed by Gill et al. and use an ensemble of poses to explain

the binding events observed.[207] If so, this would be an exciting prospect as there

have only been two previously developed PHD ligand series.[20, 208] There is also

the danger of o�-target e�ects, where a series of compounds that are analogous

of 27 have been found to be weak CYP1B1 inhibitors.[209]

The studies failed to identify a binding mode of 26, which was shown to be

TRIM33 selective. This could be a matter of docking studies failing to locate

an appropriate binding mode, or the MD approach failing to account for the

ligand binding. Future work should look at adopting more sampling of the inter-

domain cleft,[210] where the assay data and blind docking studies indicate is

the region of ligand binding.

The molecular docking methods adopted in this chapter are limited by a lack

of receptor flexibility, which fails to take into account the ligand and protein

reorganisation that occurs upon binding known as the induced fit.[211] To enhance

the results, molecular dynamics has been used to allow reorganisation of the protein

and used the stability of the binding pose as a measure of docking success, as

previously shown by Liu et al.[206] This approach di�ers from an alternative MD

approach known as ensemble docking, where di�erent binding conformations are

generated through MD before docking to these various conformations.[211]. An

alternative approach to improve docking studies is to allow residue movement

during docking, known as Induced Fit Docking (IFD), though this su�ers from poor

reliability and larger computational costs. Future work could follow that of Clark
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et al. who have taken this even further and combined IFD with metadynamics

simulations to measure H-bond persistence and RMSD over time to give a more

accurate IFD score.[210]

3.5 Conclusions

The work presented in this chapter looked at unsuccessful co-crystallisation, and

subsequent in silico studies to identify potential binding modes for ligands found

in a previous HTS. The works has highlighted the BRD binding site, the inter-

domain cleft, the K4Me0-binding region and the construct underside as potential

binding sites. Through focusing on the previously uninhibited, active form of

the TRIM33 cassette, TRIM33b, a series of docking and MD studies looked to

identify potential ligand binding modes. From previous experimental data, it was

known that compound 25 binds the BRD binding site of TRIM33b, and it has

now been shown that the ligand could bind in two di�ering modes at the site.

Binding of this compound is dependent on E981, and capable of forming transient

polar interactions with E984 or hydrophobic interactions in the vicinity of the BC

loop. The urea-containing compounds are capable of binding at either the K4Me0

site or the construct underside, though further experimental studies are needed

to validate this. The binding mode of 26 remains unresolved, with all docked

poses failing to form stable interactions in MD. The work covered in the next two

chapters looks at the optimisation of compound 25 as a TRIM33b BRD inhibitor,

with a focus of retaining the E981 interaction.

3.6 Synthetic experimental details

3.6.1 General synthetic experimental

Proton and carbon nuclear magnetic resonance spectra were recorded on Bruker

AVIII HD 400 (400 MHz), Bruker AVII 500 (500 MHz) or Bruker AVIII 500

(500 MHz) spectrometers using deuterated solvents as reference for the internal

deuterium lock. 1H and 13C spectra were fully assigned using 2D NMR experiments
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including COSY, HSQC, and HMBC. The chemical shift data for each signal are

given as ”H in units of parts per million (ppm) relative to residual chloroform,

DMSO-d6 or D2O. The number of protons (n) for a given resonance signal is

indicated by nH. Identical proton coupling constants (J ) are averaged in each

spectrum and reported in Hertz (Hz) to the nearest 0.1 Hz. Infrared spectra were

obtained using a diamond ATR module. The spectra were recorded on a Bruker

Tensor 27 spectrometer. Absorption maxima are reported in wavenumbers (cm≠1).

Melting points were recorded using a Leica Galen III hot stage microscope and

are uncorrected. The solvent(s) from which the sample was crystallised is given in

parentheses. Low resolution mass spectra (LRMS) were recorded on a LCT Premier

XE using electrospray ionisation (ES) from solutions of methanol. High resolution

mass spectra (HRMS) were recorded on a Bruker microTOF. m/z values are reported

in Daltons. Specific optical rotations were measured on a Schmidt Haensch UniPol

2000 polarimeter in cells with a path length of 1.0 dm at 589 nm and at 25 ¶C with

concentrations (c) given in g/100 mL. Analytical thin layer chromatography (TLC)

was carried out on normal phase Merk Kieselgek 60F254 precoated aluminium

backed plates and visualised with a combination of the following: 254 nm UV

lamp or thermal development after dipping in an aqueous solution of KMnO4 (5%

KMnO4 in 1 M NaOH). Analytical HPLC was carried out on a PerkinElmer Flexar

system with a Binary LC Pump and UV/VIS LC Detector. For determination of

compound purity, a Dionex Acclaim 120 column (C18, 5 µm, 120 Å, 4.6 ◊ 150 mm)

was employed, using a 10-minute gradient of 95:5 H2O/MeCN to 95:5 MeCN/H2O

(with or without TFA (0.1%)), a flow rate of 1 mL/min and detection at 254 nm.

CH2Cl2 and DMF were dried through a column of active basic alumina according

to Grubbs’ procedure. All other solvents were used as supplied (analytical or HPLC

grade) without further purification. Where appropriate, all non-aqueous reactions

were performed in a flame-dried flask under an inert atmosphere of Ar. In vacuo

refers to the removal of solvent on a Buchi under reduced pressure in a water bath

at 40 ¶C. Brine refers to a saturated aqueous solution of sodium chloride. Petroleum



86 3.6. Synthetic experimental details

ether refers to the fraction boiling between 40–60 ¶C.

3.6.2 Synthetic procedures
7-Nitroquinoline (33)[212]

11

22

33

44

N

55

66

77

88
8a8a NO2

4a

2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (244 mg, 1.22 mmol, 2.0 eq.) was added

to a solution of 7-nitro-1,2,3,4-tetrahydroquinoline (100 mg, 0.561 mmol, 1.0 eq.) in

CH2Cl2 (5 mL) at rt and then stirred for 2 hours at 60 ¶C. The reaction mixture was

cooled and the filtrate collected under vacuum before being added to 15 mL of warm

EtOAc and black charcoal for 5 mins. This mixture was then filtered through Celite

and concentrated in vacuo. Purification by silica chromatography (CH2Cl2:EtOAc,

100:0 to 0:100) a�orded 7-nitroquinoline (33) as a light yellow solid (53 mg, 54 %):

Rf 0.58 (EtOAc); m.p. 114-116 ¶C (EtOAc); 1H NMR (400 MHz, DMSO-d6) ” 7.63

(s, 1H, H-8), 6.55 – 6.47 (m, 2H), 6.38 – 6.28 (m, 2H), 6.01 (d, J = 7.3 Hz, 1H, H-6);

LRMS m/z (ESI+) 175 ([M+H]+, 100 %); HPLC Retention time 11.0 min, 97%.

The spectroscopic data are in good agreement with the literature values. [212, 213]

1-Phenyl-3-(quinolin-7-yl)urea (27)

66

77
88

8a8a

4a4a
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O

N
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1'1'

2'2'
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4'4'

3'3'

2'2' 1

Fe0 was activated in aqueous HCl (3 M) for 3 hours before being filtered under

vacuum and washed with 10 mL CH2Cl2. The mixture was then added to a mixture

of 7-nitroquinoline (50 mg, 0.29 mmol, 1.0 eq.) in 5 mL glacial AcOH and stirred for

3 hours at rt. The mixture was then filtered through Celite under vacuum, and the
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Celite washed with H2O (20 mL), followed by 20 mL EtOAc. The aqueous fraction

was washed with 2 ◊ 20 mL EtOAc and the organic fractions combined, dried with

anhydrous MgSO4, filtered, and concentrated under vacuum to yield quinolin-7-

amine which was used immediately. Phenyl isocyanate (28.2 µL, 0.258 mmol, 1.0

eq.) was added dropwise to a solution of quinolin-7-amine (37.2 mg, 0.258 mmol,

1.0 eq.) in acetone (2.5 mL) and stirred for 18 hours at rt. The precipitate was

isolated by filtration under vacuum and washed with acetone (5 mL) and then

CH2Cl2 to yield 1-phenyl-3-(quinolin-7-yl)urea (27) as a colourless solid (25.7 mg,

37 %): Rf 0.73 (EtOAc); m.p. 194-196 ¶C (CH2Cl2); ṽmax (thin film)/cm≠1 3343

(N-H, w), 2980 (m), 2885 (w), 1693, 1673, 1626, 1597 (C=O, s), 1557, 1534, 1497,

1461, 1439, 1393, 1359, 1314, 1296, 1250, 1227, 1177, 1154, 1118; 1H NMR (500

MHz, DMSO-d6) ” 8.24 (s, 1H, N-H), 7.97 (s, 1H, N-H), 7.96 (dd, J 4.2, 1.7 Hz, 1H,

H-2), 7.41-7.39 (m, 1H, H-4) 7.38 (d, J 2.1 Hz, 1H, H-8), 7.03 (d, J 8.8 Hz, 1H, H-5),

6.76 (dd, J 8.8, 2.1 Hz, 1H, H-6), 6.69 – 6.62 (m, 1H, H-2’), 6.51 (dd, J 8.1, 4.2 Hz,

1H, H-3), 6.50 – 6.42 (m, 2H, H-3’), 6.15 (tt, J 7.2, 1.1 Hz, 1H, H-4’) 13C NMR

(126 MHz, DMSO-d6) ” 152.3 (C-9), 150.6 (C-2), 148.6 (C-8a), 140.5 (C-7), 139.3

(C-1’), 135.3 (C-4), 128.7 (C-3’), 128.3 (C-5), 123.4 (C-4a), 121.9 (C-4a’), 119.8

(C-6), 119.3 (C-3), 118.2 (C-2’), 114.0 (C-8); HRMS m/z (ESI+) [Found: 262.09847,

C16H12O1N3 requires [M+H]+ 262.09859]; LRMS m/z (ES+) 264 ([M+H]+, 100 %),

286 ([M+Na]+, 21 %); HPLC Retention time 4.3 min, >99%.

1-(1H -Indazol-5-yl)urea (30)
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Sodium thiocyanate (97 mg, 1.5 mmol, 2.0 eq.) was added to a room temperature

solution of 5-aminoazide (100 mg, 0.75 mmol, 1.0 eq.) in 10 mL of a 1:1 acetone:H2O

mixture. After stirring for 5 minutes, AcOH (33 µL, 5.25 mmol, 7 eq.) was added

and the reaction stirred at rt for 20 hours. The solvents were removed under
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vacuum and lyophilised. Purification of the resulting solid by silica chromatography

(CH2Cl2:EtOAc, 12.5:77.5 to 0:100) a�orded 1-(1H -indazol-5-yl)urea 30 as a violet

solid (31.2 mg, 23%) after trituration with toluene: Rf 0.12 (EtOAc); m.p. 196-

198 ¶C (EtOAc); ṽmax (thin film)/cm≠1 3381, 3268, 3186, 2956 (w), 2925(w) ,

2854(w), 1738, 1654, 1591, 1548, 1509, 1473, 1390, 1367, 1350, 1304, 1285, 1261,

1232, 1165, 1120, 1081, 1044, 1017, 948; 1H NMR (500 MHz, DMSO-d6) ” 12.83

(s, 1H, N-H), 8.44 (s, 1H, N-H), 7.93 (s, 1H, H-3), 7.87 – 7.83 (m, 1H, H-4), 7.39

(dd, J 8.8, 1.0 Hz, 1H, H-7), 7.23 (dd, J 8.8, 2.0 Hz, 1H, H-6), 5.75 (s, 2H, N-H);
13C NMR (126 MHz, DMSO-d6) ” 156.9 (C-8), 136.7 (C-5), 134.0 (C-7a), 133.4

(C-3), 123.5 (C-3a), 120.4 (C-6), 110.4 (C-7), 108.1 (C-4); LRMS m/z (ESI≠)

211 M+Cl; HRMS m/z (ESI≠) [Found: 175.06238, C8H7O1N4 requires [M-H]≠

175.06253]; HPLC Retention time 4.2 min, 97%.

1-(1H -Indazol-5-yl)thiourea (36)[214]
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1,1’-Thiocarbonyldiimidazole (214 mg, 1.2 mmol, 1.2 eq.) was added to a solution

of 5-aminoindizole (133 mg, 1.0 mmol, 1.0 eq.) in CH2Cl2 (5 mL) and stirred at rt.

After 3 hours, aqueous ammonia solution (20 mL of 25%) was added and the reaction

mixture was left to stir for 16 hours. The solid was filtered under vacuum and washed

with H2O (5 mL) and MeOH (5 mL). This a�orded 1-(1H -indazol-5-yl)thiourea

(36) as a violet solid (48 mg, 25%): Rf 0.53 (EtOAc); m.p. 198-200 ¶C (CH2Cl2)

[lit[214] 192-193 ¶C]; 1H NMR (500 MHz, DMSO-d6) ” 13.04 (s, 1H, N-H), 9.61 (s,

1H, N-H), 8.04 (s, 1H, H-3), 7.68 (s, 1H, H-4), 7.50 (d, J 8.8 Hz, 1H, H-7), 7.23

(d, J 8.8 Hz, 1H, H-6); LRMS m/z (ESI≠) 191 M≠; HPLC Retention time 4.6 min,

96%. The spectroscopic data are in good agreement with the literature values. [214]
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This chapter looked at improving the a�nity of the benzimidazolone ligand

studied in the previous chapter. Investigations started on the amine-containing

vector and then focussed additional vectors o� the benzimidazolone core. This

required a series of computational methods to build a binding model that fits

89
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experimental data. The final model was then used to identify the highest a�nity

binders known for the TRIM33b BRD.

4.1 Introduction

The studies performed in Chapter 3 identified two possible binding poses the

benzimidazolone containing ligand, 25, could adopt in the TRIM33b BRD site.

Both poses held the KAc mimic in the vicinity of N1039, and also allowed the

benzylic amine to interact with E981 (Figure 3.9). This was one of the few

polar residues in the vicinity of the binding site and also a means of obtaining

selectivity over TRIM24. Meanwhile, beyond the benzylic amine it was shown

by MD that the sulfonamide group formed no long-lived interactions, but was

capable of interacting with E984 when benzylic amide was projecting from the

benzimidazolone core towards the binding site.

Further synthesis and testing of analogues of 25 by Dr L. See and A. Scorah,

Table 4.1, identified that the benzylic amine adjacent to the core is key for both

binding and gaining selectivity over the homologous TRIM24 BRD site. Conversion

of the amine to an amide, seen in 37, prevents ligand binding. This could be due

to the N-H bond conjugated into an unfavourable orientation or reduced H-bond

donating potential. Conversion to the ester, compound 38, also prevents binding.

Interestingly, the free alcohol, compound 39, did not bind which indicated that the

interaction with E981 is charge based. The optimal distance between the amine

and benzimidazolone core was subsequently probed using compounds 40, 41 and

42. It was found that the benzylic amine lead to the best IC50. This a�nity was

matched by compound 43, however this had a lower ligand e�ciency than 41,

where ligand e�ciency is calculated through:

LE = 1.37
nHA

◊ pIC50 (4.1)

where nHA is the number of non-hydrogen atoms.[215] As this was the start

of a ligand optimisation project, the ligand e�cient compound 41 was taken

forward for ligand optimisation.
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Table 4.1: Analogues of 25. These analogues were used to probe the importance of the
b-amine group. IC50 values are reported from AlphaScreen™ assays with the H3(BRD)
peptide (introduced in § 3.1), pKa values were predicted using the ACD labs webtool
http://ilab.psds.ac.uk/.

Ligand Structure pKa LE IC50(AlphaScreen™)/µM
TRIM24 TRIM33b

25

NH2
O OS

H
N

O
N

N 8.6 0.26 40.26±1.88 11.88±1.09

37

O

NH2
O OS

H
N

O
N

N - - N.B > 250

38
O

O
O

N

N

- - N.B > 250

39 HO
O

N

N
16 - N.B > 250

40
H2N

O
N

N
4.6 0.40 - 168.3±1.96

41 H2N
O

N

N
9.3 0.44 N.B 30.58±1.09

42 O
N

N

H2N
9.4 - - > 250

43
N

N
O

N
HN

3.4 0.37 - 26.52±1.10

4.2 Addition of a second hydrogen bond donor
to improve a�nity

There are no published co-crystal structures of 41 bound to TRIM33, with the closest

related structure placing the ligand in a tudor domain.[216] Hence, it was important

to establish whether the ligand held a similar pose to those predicted for 25. These

predictions showed the vector at the 5-position pointed either towards (down) or

away (up) from the binding site. Docking studies showed a similar outcome, with the
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Figure 4.1: MD studies of 41. Both docked poses of 41 were subject to triplicate MD
for 50 ns. The distances of the charged, benzylic amine and E981 were measured as shown
as barcode plots.

benzlyic amine able to adopt both binding poses shown in Figure 4.1. However, the

ranking of docked poses su�ers from the large errors associated with scoring functions,

which can be in the range of 2-3 kcal/mol.[107] Hence, MD studies were performed

on both docked poses of 41 using the approach used in Chapter 3 to elucidate

the preferred pose. The distances of the charged amine to the E981 are shown as

barcode plots in Figure 4.1. There was no noticeable di�erence in the interactions

between the two poses, excluding the latter part of the ‘away’ pose of replica 3.

Without a co-crystal structure it was di�cult to design potential optimisations and

so the use of more rigorous free energy calculation methods were investigated.
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4.2.1 Free energy calculations to probe the optimal ben-
zylic amine interaction with E981

Absolute binding free energy calculations are rigorous MD based methods to calculate

the �Gbinding of ligands.[217] These had been previously shown by Aldeghi et al. to

be able to rank docked poses accurately, greater than MM-PBSA calculations but

at a larger computational cost.[109] The calculations here also required optimisation

of the Boresch restraints, that hold the ligand within the binding site during the

calculations. After restraints to N1039 proved too unstable for simulations, a set

of stable restraints were identified that held the benzimidalazone to the ZA wall

(via the backbone atoms of V896). With the calculations stable and optimised,

they were able to calculate the �Gbinding of both ligand poses.

The calculated free energies are shown in Table 4.2, where a breakdown of the

energetic contributions can be found in Appendix Table B.1. The results for the 41

poses implied that both poses are degenerate, concurring with the MD result that

both poses retain a polar interaction with E981. Hence, ligand optimisation could

proceed factoring the ligand pointing either towards or away from the binding site.

Table 4.2: Summary ABFE calculations performed on 41, 45 and 58 with GROMACS
2016.3. DG values are reported as the mean of three independent repeats in kcal/mol,
and the errors reported as 95% confidence intervals. The intervals were calculated by
multiplying the standard error by the relevant t-statistic. The * indicates that the
simulation was performed with only one replica, and the error is the standard deviation
of the mBAR boot-strap error estimate. 45 is discussed in § 4.2.2 and 58 is discussed in
§ 4.4.1.

Ligand Pose DGcalc (kcal/mol)
41 up ≠5.67 ± 0.90
41 down ≠5.94 ± 1.28
45 up ≠5.90 ± 3.00
45 down ≠8.85 ± 1.23
58 - ≠4.36 ± 0.14 *

4.2.2 MD to probe polar groups interactions with E984

It was hypothesised that additional polar interactions could increase both the

a�nity and selectivity of the ligand. Surrounding the binding pocket, there were
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only a few polar residues or exposed backbone atoms. The most attractive polar

residue beyond the binding site was E984, which sat at the other end of the ZA

channel from the binding site. From the MD simulations of 25 in Chapter 3, it was

shown that the sulfonamide group was able to form transient interactions with E984

(Figure 3.9). Therefore, a series of ligands were designed that reintroduced a second

amine group to the benzylic amine in 41. It was predicted that this extension

of the amine containing vector would lead to favourable interactions with E984,

which would also lead to the displacement of water molecules in the ZA channel and

obtain additional a�nity. The TRIM24 BRD inhibitor, IACS-9571 (16) adapted a

similar approach and contains an extended amine chain which is shown to interact

with the analogous D928 within the crystal structure (PDB ID: 4YAC).[53]

Table 4.3: Compounds to probe a second amine group. IC50 values are reported from
AlphaScreen™ assays with the H3(BRD) peptide. Kd values are calculated using ITC
(performed by L. See). The pKa values of the amine furthest from the core (pKa(1)) and
the benzylic amine (pKa(2)) were predicted using ACD labs.

Ligand Structure IC50 (µM) KD (µM) pKa(1) pKa(2) L.E

44 H
N

O
N

N

N
15.24±1.07 9.0 5.8 0.35

45 H
N

O
N

N

N 5.72 ± 0.65 18.6 ± 4.60 9.7 7.6 0.36

46 H
N

O
N

N

N
2.73 ± 1.14 18.3 ± 2.71 10.1 8.6 0.36

47 H
N

O
N

N

N 2.02 ± 1.06 11.3 ± 2.55 10.2 7.8 0.36

48 H
N

O
N

N

N 9.29 ± 1.47 10.1 7.8 0.31

49 H
N

O
N

N

N 9.24 ± 1.06 9.8 7.7 0.30

50 N
N

H
N

O
N

N
Unknown 6.6 9.7 -

A series of reductive animations were performed on the carbonyl precursor of
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the core, allowing installation of vectors containing two amine groups (synthesis

performed by Dr L See and A. Scorah). The compounds synthesised along with

their assay data are listed in Table 4.3. The table also shows pKa predictions of

both amine groups, from ACD labs. Ligands 44, 45 and 46 installed small tertiary

amines on varying linker lengths. The pKa predictions indicated the protonation

state of the benzylic amine was dependent on the linker used. These also showed

a longer linker was favoured. The size of the additional amine was varied in

compounds 47, 48 and 49. These showed that the size of the amine had little

impact on the ligand a�nity. The imidazole group was installed in 50, though the

protonation state of the amine was dubious and studies were performed on both

the protonated (p) and non-protonated forms of the imidazole. Overall, the pKa

calculations predicted the major species of most compounds would be dual-charged,

both on the benzylic and terminal amine groups. However, subsequent docking

and MD simulations showed that the dual-charged species was not stable in the

binding site (data not shown). Orthogonal docking studies using MOE were unable

to produce poses that placed the KAc mimic near N1039, an issue which was only

resolved when the benzylic amine was modelled as uncharged. Hence, modelling of

these compounds placed a single charge on the terminal amine and left the benzylic

amine, with a predicted pKa near 7, uncharged.

All compounds showed that the addition of a second amine improved the IC50

against TRIM33b, with all di-amine compounds, except 50, showing increased

binding a�nity relative to 41. Some of these compounds were able to undergo

subsequent ITC studies by Dr L. See to determine Kd values.[204] The increase in

a�nity was only 10-fold, when comparing 46 to 41 with the assay data forming a

plateau at low micromolar IC50 values. This showed a decrease in ligand e�ciency

for a small addition to the original compound, which ranged from 0.30 to 0.36

for the compounds in Table 4.3.

To confirm that the additional amine led to interactions with E984, docking

and MD studies were performed on the compounds in Table 4.3. Where docking

allowed, poses with the amine tail pointing towards (down) and away from (up) the
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Figure 4.2: Distances of the terminal amine group to E981 and E984. Distances were
extracted from triplicate MD simulations, and given in Å. Dashed lines mark the median
and quartile values.

binding site were both studied. The plots in Figure 4.2 were surprising, initially

showing that the charged, terminal amine had a preference for interacting with

E981 over E984 (holding a distance of <4 Å). The only exception was 50, when

modelled with the imidazole group protonated (50-(p)). The plots also showed

that when the ligand is pointing down/towards the binding site the terminal amine

group is more associated with E984. This indicated that there could now have been

a preference for the vector to point towards the binding site.

To determine whether the dual-amine containing vector had an energetic

preference for pointing towards or away from the binding site, ABFE calculations

were used again. The ABFE studies, which are computationally very expensive,

focused on 45. This compound was found to be a good representation of the

compound developed and one of the most ligand e�cient. The model used for
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Figure 4.3: Equilibrated poses of 45 in TRIM33b. Docking of the ligand to TRIM33b
showed that the di-amine containing vector can point either towards (down - cyan) or
away from (up - orange) the binding site.

both poses held the terminal amine in the vicinity of E981, as this was the major

observation from Figure 4.2 and shown in Figure 4.3.

The ABFE calculations required a restraint to keep the core near the ZA wall,

but used an angle restraint to ensure the amine tail was kept away from the

core. The restraint distances and angles were taken from average of a short MD

simulation, which also equilibrated the system. Initially, the ABFE model used

RESP charges for the ligand, based on the single conformational fit protocol set used

by Aldeghi et al.[58] However, observations of the equilibrating simulations showed

that the terminal amines rarely formed H-bonding interactions with either E981 or

E984. This observation was also seen when simulations were extended to 50 ns, in

triplicate, to mirror the data in Figure 4.2. To verify the charges assigned by the

RESP model, the models were visualised within VMD and compared to AM1-BCC

charges. The comparison shows that the method used for RESP parametrisation

fails to assign charges that were intuitive to the models, shown in the charges

assigned to nitrogen atoms in Figure 4.4, and so AM1-BCC charges were used for

all future calculations. This resolved the issue as AM1-BCC charge assignments

are not conformationally dependent. To use RESP charges in future studies, a

multi-conformational fit would be needed.
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Figure 4.4: Charge models for ligand 45. Relative charges assigned to atoms using both
the RESP and AM1-BCC charge models. Figure produced in VMD v.1.9.1.

The �Gbinding of both binding modes was calculated through further ABFE

calculations, Table 4.2. The predicted �Gbinding for pointing towards the binding

site was higher than that determined by ITC; where �Gcalc = ≠8.85±1.23 kcal/mol

and �GIT C = ≠6.45 ± 0.31 kcal/mol. However, this increased magnitude has been

shown in other ABFE studies.[58] It should be noted that the 95% confidence

intervals for the ‘up’ and ‘down’ poses, Table 4.2, allow for the possibility that both

poses are degenerate. Given that the overlap in errors is small, and the large error of

the ‘up’ pose resulted largely from only one repeat of the ligand simulations it was

decided the interpret the result as a preference for the ‘down’ pose. However, this

result still failed to explain why the ligand does not form interactions with E984.

4.3 GCMC studies on the ZA channel water molecules

The protein model for TRIM33b used for docking had, so far, excluded the

crystallographic waters within the ZA channel, assuming them to be non-vital
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Figure 4.5: Water densities for the 45:TRIM33 complexed during MD simulations and
the GCMC search regions. (A) The regions of high water molecule occupancy during
a simulation of 45 are shown as a grey mesh, with spheres showing the location of
crystallographic water molecules. (B) GCMC calculations to identify the water molecule
binding free energies were performed within two regions: the binding site (red) and the
ZA channel (blue).

to binding. This small network of waters, W5-7, sit outside the binding pocket

in a channel within the ZA loop (Figure 4.5). Given the results in the previous

section, where there were few interactions of the z-amine to residues within the

ZA channel or beyond the channel (E984), the water molecules were subject to a

more rigorous analysis. When looking at regions of high water occupancy during

simulations of 45 bound to TRIM33b, all three ZA water molecules are seen

to be present along with the binding site waters, shown by the white mesh in

Figure 4.5A. These water molecules were not positioned before the MD studies, so

spontaneously occupied these regions during the simulation. Hence, this indicated

that the ZA channel water molecules are stable and are not being displaced by

the ligand for the majority of the simulation.

To probe whether the lack of displacement was due to the waters being tightly

bound, in a similar way exhibited by the binding site waters, water binding a�nity

calculations were employed. This used another protocol adapted from Aldeghi et

al., employing a series of GCMC simulations for free energy calculations.[28] From

these simulations a grand canonical integration (GCI) calculation can be used to

extract the binding energies of the water molecules. This calculation protocol was



100 4.3. GCMC studies on the ZA channel water molecules

Table 4.4: GCMC Calculations on binding site and ZA channel waters. GCMC
Calculations were performed on both the binding site and ZA regions, shown in Figure 4.5B
calculating the free binding energies of the water molecules within those regions.

Water A�nity (kcal mol≠1)

W1 ≠6.35 ± 0.09
W2 ≠2.52 ± 0.14
W3 ≠0.96 ± 0.10
W4 ≠2.03 ± 0.11
W0 ≠1.89 ± 0.13
W5 +1.71 ± 0.09
W6 +0.82 ± 0.14
W7 ≠3.33 ± 0.10

used twice, on both the binding site and the ZA channel regions, specified by red

and blue boxes in Table 4.4, respectively. The results, shown in Table 4.4, showed

that W0-W5 in the binding site had a negative binding energy and thus contain

an energetic penalty for displacement. This is expected, as similar values were

reported for most BRD binding sites and these waters are rarely displaced.[28]

However, the results for the ZA channel waters are surprising. These indicated

that W5 and W6 could be displaced with an energetic gain, but W7 is tightly

bound. This water molecule is predicted to H-bond to the carbonyl backbone of

I980, backbone nitrogen of E984, W5 and W6.

This result has an impact on the dual-E981 binding mode of the charged terminal

amine seen in 45, and analogues. Figure 4.6 shows an overlay of two MD snapshots,

where the terminal amine is interacting with E981 and then with E984. Overlaying

the crystallographic ZA water molecules with these snapshots, it becomes clearer

why the amine tail compounds form a ‘pincer’ interaction to E981. For the terminal

amine to interact with either E984 or the backbone carbonyl of I980, would require

displacement of W7 to allow for the rotation of E984 and subsequent H-bonding.

The snapshot shows E984 placed in the position of W7, meaning the conformation

change has expelled W7 and so incurring an energetic penalty. This explains why

only a small proportion of simulations formed H-bonds with E984 and why the

ZA channel water molecules are observed during MD simulations. Future docking
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Figure 4.6: Overlay of crystallographic waters with MD snapshots of 45. MD snapshots
shown show interactions of the terminal amine group with both E981 and E984 in MD.
these structures were aligned to the crystal structure of TRIM33b and allowing the
crystallographic water positions to be shown.

models should account for W7 being present, and high energy barrier to an E984

conformational change. This could also explain why the protonated model of 50

showed interactions with E984, as this has a linker between the amines long enough

to not require E984 to rotate towards the ZA channel.

4.4 Ligands to exploit the displaceable ZA chan-
nel waters

The identification of W7 as a non-displaceable water molecule, while W5 and W6

remain displaceable, o�ers an opportunity to increase both a�nity and selectivity of

ligands for the TRIM33b BRD. It was hypothesised that displacing water molecules

W5 and W6 with a bulky and lipophilic group, which are adjacent to P985 in

the ZA channel, could increase ligand a�nity from loss of water and increased

lipophilic contact. To probe this hypothesis, two approaches were taken. Firstly, to

incorporate these modifications into the 45 ligand. Secondly, given the di�culties

seen with 45, instead using the original ligand e�cient fragment 41 as a starting

point for vector optimisation.
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4.4.1 Incorporating modifications into 45

To gain additional a�nity from the 5-position vector it was important to maintain

and enhance the pincer interaction with E981. Bulk pointing towards the ZA channel

would prevent the terminal amine group from interacting with E984 and ensure

this. A new docking model of the protein was constructed that included only W7 in

the ZA channel, which allowed the size of hydrophobic substituent to be assessed.

There was a non-exhaustive search of methyl and phenyl substitutions, investigating

both enantiomers, using molecular docking and molecular dynamics. This search

identified a suitable phenyl substitution adjacent to the benzylic amine, 51. This

ligand was found to maintain hydrophobic bulk in the ZA channel, adjacent to P985,

especially in the (S)-enantiomer during MD simulations. As shown in Figure 4.7,

two out of three simulations showed a low RMSD and showed the interactions of

the terminal amine and are well retained with E981. Importantly, the new added

phenyl ring resides against P985 and displaced the water molecules W5 and W6.

Synthesis and testing of compound 51 identified a 2-fold increase in binding

a�nity over the non-substituted compound 45 (synthesis and testing by A. Scorah).

Further enantioselective synthesis by A. Scorah validated that the (S)-enantiomer

had a slightly higher a�nity, shown in Table 4.5, and identifying (S)-51 as the

second highest a�nity binder of the TRIM33b BRD. Placement of the Phenyl group

at the 5’-position, 52, decreased the compound a�nity, which is expected as it is

further from P985 and closer to water molecule W7. At this stage of the project,

further optimisation of the di-amide containing vector. This focused on increasing

the pKa of the terminal amine and led to the synthesis and testing (by A. Scorah)

of 53, which is narrowly the highest a�nity ligand known for the TRIM33b BRD.

4.4.2 Modifying 41 to target ZA waters

The work in § 4.2.2 showed that addition of a second amine was likely to lower

the pKa of the benzylic amine removing a charged interaction with E981. It was

hypothesised that taking the original small fragment 41 and adding bulk to target

W6 and W7 would lead to a more ligand e�cient binder while also maintaining
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Figure 4.7: MD studies of (S)-51. (Top) Snapshot of a 50 ns MD simulation, showing
the phenyl group resides adjacent to P985 which maintaining the amine interactions with
E981. Water molecule W7 is retained in the simulation. The plots below show the RMSD
and distances of ligands during three simulations.
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Table 4.5: Compounds to probe whether the ZA water molecules could be displaced
with phenyl groups. IC50 values are reported from AlphaScreen™ assays with the B2
peptide. Kd values are calculated using ITC (performed by L. See)

Compound Structure IC50 (µM) KD (µM)

51 H
N

O
N

N

N

Ph

4.83 ± 0.51 N.D

(S)-51 H
N

O
N

N

N

Ph

4.52 ± 0.60 7.33 ± 1.18

(E)-51 H
N

O
N

N

N

Ph

7.75 ± 0.60 N.D

52 H
N

O
N

N

N

Ph

16.90 ± 2.25 N.D

53 H
N

O
N

N

N 1.61 ± 0.14 7.28 ± 2.55

the charge on the benzylic nitrogen. In addition, it was also predicted that if the

bulk contained heteroatoms, there was a possibility of incorporating interactions

with W7 to increase a�nity.

An equilibrated MD structure of 41 was taken where there was a clear interaction

between E981 and the charged benzylic amine. The C-H bond pointing towards

W5 was selected for substitution against the MOE growth library.[196] The growth

tool in MOE was used to perform structure-based substitutions at this hydrogen

position and identified 2738 compounds as viable substitutions. The majority

of compounds consisted of 5-membered rings containing various combinations of

heteroatom substitutions. The compounds designed were subject to a PAINS filter,

a MOE score cuto� of ≠5.8, a minimum of 3 hydrogen bond donors and acceptors

and finally a maximum number of 3 torsional bonds. These filters were used to

encourage a selection of heterocycles that interact with W7 in the ZA channel and

do not contain long flexible groups which reduce the accuracy of docking studies.

These filters retained a large number of compounds that could not all be tested



4. Optimisation of a benzimidazolone ligand for TRIM33b BRD inhibition 105

N

N
O

R

NH3

O

HN N
H2N

NH3

O

ON

NH3

H
N

O
N
N

NH2

O

HN N
H2N

NH2

O
H
N

N N

NH2

O

N
H

H2N
NH2

H
N

H
N

O
HN N NH2

O

S
N
N

54 55 56

57

55 (p)

58 59 60

Figure 4.8: A diverse set of compounds designed to probe water molecule displacement.
Compounds were built within MOE (v. 2018.2) and subject to a set of filters to select
the ligands shown.

using molecular dynamics, so the MaxMinPicker tool with RDKit was used to pick

8 diverse compounds for further testing. These ligands are shown in Figure 4.8.

MD studies on these 8 compounds, 54 to 60, all showed at least one simulation

where the ligand pose remained stable, shown in Figure 4.9. 55 and 55 (p), which

held the same heterocycle but di�ering charges on the nitrogen, both had two

MD runs that held low RMSD poses. Further study of 55, shown in Figure 4.10,

shows that hydrogen bonds of the heterocycles to the backbone of P985 holds the

5 membered ring above W7 and remains in the ZA channel. pKa predictions of

the benzylic amine model the major microspecies as deprotonated, which was used

for ABFE calculations to assess the feasibility of this compound. The calculation,

performed with three repeats and the GPU accelerated protocol, gave a DG of

≠3.76 ± 1.64 kcal/mol. This shows that the compound, at least in its uncharged

form, is not an improvement on 41. Interestingly, an orthogonal, single ABFE

calculation using the GROMACS 2016.3 setup showed that 58 had no increase in

a�nity relative to 41, reported in Table 4.2. Only a single simulation was used due

to resources available at the time and provided an indication if further simulations

would be useful. Overall, these calculations showed that these modifications to

41, despite tolerated in the binding site, did not o�er a large increase in binding
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Figure 4.9: MD studies on diverse compounds selected from the MOE growth search.
Situations were performed in triplicate with RMSD of the ligand shown with respect to
time.
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Figure 4.10: MD studies of 57. The docked pose, shown at the top, underwent MD
simulations of which two runs were stable. The stances of the two amine groups were
measured (distances 1 and 2) and plotted below.

a�nity even when charged. In addition, these ligand designs contained unstable

aminal and hemiaminal linkers at the point of addition. If this region of chemical

space is to be further explored, work on these compounds should look to replace

these with bioisosteres to improve their stability in solution.
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Figure 4.11: Cartoon representation summarising work in the first half of Chapter 4.
Vector positions are labelled in blue, and waters are identified using red lettering.

4.5 Optimisation of additional vectors

Exploration of the 5-position vector had shown that expansion beyond a benzylic

amine with an addition H-bond donor favoured the vector pointing towards the

binding site. However, other positions on the benzimidalzone core were yet to be

explored. Given the benzimidalazone core is common in several compounds, which

do functionalise these positions,[218] it was hypothesised that additional a�nity

could be gained from building at several of these positions. A cartoon summary

of the positions investigated are shown in Figure 4.11.

As previously discussed, there are few polar residues around the binding

site. Hence, it was hypothesised that a�nity could be obtained from improved

hydrophobic interactions. An aliphatic carbon propensity search, which indicates

regions of increased likelihood of finding a particular atom type, was performed

around the region of the binding site. The results, shown in Figure 4.12, indicate an

extended region, above the ligand and in the same plane as the ligand that could

hold an aliphatic carbon atom, especially in the region around I990. Hence, this

showed that there is are regions beyond positions 6,7 and 1” that could be used to

add additional lipophilic groups. The work in the following subsections looked at

how in silico methods aided exploring the SAR at the 5- and 1”-positions.
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Figure 4.12: Aliphatic carbon propensity map for TRIM33b. Red dots highlight regions
of higher than twice the average probability of finding an aliphatic carbon at that position.
(A) and (B) show the binding site, containing 45 at di�erent angles.

4.5.1 Building at the 1”-position

The largest region proposed by the propensity map was above the 1”-position. This

corresponded to the region where the acetylated side chain of lysine leaves the

H3 peptide into the binding site. This region also contained no crystallographic

water molecules. The compounds in Figure 4.13 were designed to cover a range of

hydrophobic bulk and polar groups to obtain additional polar interactions. Initially,

61 and 62 were subject to docking and MD simulations and both compounds were

found to be accommodated in the apo binding site. Simulations of 61 showed that

the hydroxyl group was capable of forming interactions with the carbonyl of N1039.

Synthesis and testing of this compound, and the methylated version as a negative

control (63), by Dr. L. See showed slightly weaker binding of 61 than the methyl

equivalent. Meanwhile, binding was not observed in the negative control, compound

63, showing the additional H-bond was important to binding. Data for experimental

testing is shown in Table 4.6. MD simulations of 62 showed the ligand was not

stable in the binding site. A 1,5 clash between a phenyl hydrogen and the hydrogen

at the 7-position on the core prevented the phenyl ring sitting in the plane of the core

and thus unable able to interact optimally with the hydrophobic ZA wall formed by

I990. Hence smaller rings that do not su�er the 1,5-hydrogen clash were proposed.
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Figure 4.13: 1,3-analogues to probe interactions with I990. These compounds assume
the amine tail should be pointing towards the pocket, on the same side of the core as the
hydrophobic group at the 1-position.

Table 4.6: A�nities of compounds designed to probe the hydrophobic region above the
binding pocket. IC50 values are reported from AlphaScreen™ assays with the B2 peptide.

Compound IC50 (µM)
45 5.72 ± 0.65
61 20.61 ± 1.94
62 N.D
63 N.D
64 95.99 ± 24.94
65 60.19 ± 7.42
66 N.D
67 19.56 ± 1.64
68 14.74 ± 1.47
69 N.D
70 85.97 ± 1.15
71 59.72 ± 1.12
72 99.95 ± 1.49
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Smaller 5- and 3-membered rings rings were docked and studied in MD within

64, 65 and 66. Simulations of 66 showed the ring could remain in the same

plane at the core, as shown in Figure 4.14A. Meanwhile the 3- and 5- membered

rings remained partially perpendicular to the core. Interestingly, 65 placed its

ring inbetween the side chains of I990, in a style similar to that seen in a leucine

zipper motif. Despite all poses being stable in MD, synthesis and testing by Dr

L. See found that all compounds bound with a lower a�nity than 45, as shown

in Table 4.6. This decrease was even seen with small substitutions of i-Pr (67)

and an ethyl group (68) One hypothesis was that the hydrophobic bulk was not

large enough to gain adequate a�nity. To test this, the large adamantine group

was modelled with 69. This was accommodated by both docking and MD studies,

however did not show any binding to the TRIM33b BRD.

Despite the range of bulk and polar groups, the compound a�nity a�nity was

always reduced by replacing the methyl group at the 1”-position. ABFE calculations

were performed with GROMACS 2019 to determine whether the simulations were

capable of predicting this reduction in a�nity. The calculations were performed

using the GPU accelerated setup and using 65 as the representative ligand. The

calculations correlated with experiment, showing a reduction in free energy relative

to 45, with a smaller value of ≠6.57 ± 0.47 kcal/mol (a graphical breakdown

is available in the appendix). This result indicates that the simulations could

justify the reduction in a�nity. Visual comparison of simulations identified a

change on the orientation of F1038 within the simulations where bulk was placed

at the 1”-position. This residue forms a side-on p-p interaction with Y993 in the

binding site (Figure 4.14A). From inspection, it appeared that F1038 was being

pushed away from Y993 to accommodate the larger bulk at the 1”-position. This

is best represented by the dihedral angles of F1038 shown in Figure 4.14B-D, for

compounds 64, 66 and 69, respectively. These show that 45 displaces the dihedral

from the crystal structure, though this is partially due to the system not being in

the crystallographic state in simulation conditions. However, the bulky compounds
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Figure 4.14: Dihedral angles in compounds designed to interact with I990. (A) Example
of a compound designed to form hydrophobic contacts near I990 using a larger group,
shown with 66. (B-D) Plots showing the side chain dihedral angles within F1038 when
various ligands are bound: (B) 64; (C) 66; (D) 69. The atoms used for the calculation
are shown as green in (A). Dashed lines are the same dihedral angle extracted from
simulations of 45 and the orange line shows the dihedral angle in the apo crystal structure.

clearly lead to a larger rotation which would reduce the interaction between F1038

and Y993 and could partially explain the decrease in a�nity of the compounds.

Given the position of F1038 above the binding site, it was hypothesised that a

p-p interaction could be gained from an extended aromatic group at the 1”-position.

To allow this several models were created that placed a phenyl group on a variable

length alkyl linker (70 (n=1), 71 (n=2) and 72 (n=3)). Unfortunately, these

compounds again showed a reduction in binding. However, this could indicate that

the linkers were not long enough to form a p-stacking interaction with F1038.
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Figure 4.15: 1,5-analogues to probe interactions with I990. These compounds assume
the amine tail should be pointing away from the pocket, on the same side of the core as
the hydrophobic group at the 1-position.

During the ligand design process, mis-communication lead to a series of com-

pounds synthesised and tested that placed the hydrophobic bulk on the 1’-position,

rather than the 1”-position, 73 to 80 shown in Figure 4.15. These compounds showed

no binding to the TRIM33b BRD and served as an important positive control that the

amine tail binds when the vector points towards the binding site and the hydrophobic

bulk can only be accommodated when pointing away from the binding site.

4.5.2 Building at the 6-position

There are several published ligands of the TRIM24 BRD, have a second vector

leaving the benzimidazalone core at the 6-position. For example IACS-9571 (16),

is shown in Figure 3.8B has an aromatic system that is placed in the hydrophobic

region above the core. This uses a sulfonamide group to force a turn in the chain

and place the group above the benzimidalzone core. This orientation places the

ring above the other hydrophobic vector of IACS-9571 (16), forming a local 3D

conformation.[53] It was hypothesised that given the homology between TRIM24

and TRIM33, a similar sulfonamide group could be used at the 6-position to increase

a�nity to TRIM33 through lipophilic interactions. However, simulations of 81,

which is a chimera of 45 and the additional vector from IACS-9571 (16) showed that

the aromatic system at the 6-position does not form any fixed interactions. Instead
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Figure 4.16: 5,6-analogues to probe interactions with I990.

Figure 4.17: Snapshots of simulations of the TRIM33b and 81 complex. The amine
containing vector retains its interactions with E981, but the aryl group does not form an
stable interactions above the binding pocket.

81 samples the hydrophobic region above the binding site. This can be shown in

the various MD snapshots shown in Figure 4.17, where the amine containing vector

remains near E981 but the anisole ring moves location. Despite this observation, 81

and various analogues were synthesised and tested by J. Reynolds (81 to 85). Only

one ligand, 82, displayed binding to TRIM33b with an IC50 of 77.73 ± 13.9 µM.

This decrease in a�nity relative to 45 ruled these bulky substitutions at the

6-position out of future studies.

4.5.3 Searching commercial space for ligand analogues

Commercial chemical space is ever increasing in size, with the ZINC library

containing over 230,000,000 compounds.[219] Rudling et al. have shown that
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identifying, purchasing and testing commercial space analogues of HTS hits can

increase the success of ligand optimisation projects.[220] A similar approach was used

here, searching just the ChEMBL database, which contains bioactive compounds

with drug like properties, for compounds with the benzimidazalone core.[221, 222] In

May 2018, this produced 2,438 compounds with the same sub-structure. Malhotra

et al. identified that when a fragment is elaborated 87% of compounds contained a

substructure where the binding of a sub-structure was conserved.[223] This result can

be used to assume the KAc mimic binding pose will be retained in the the binding site.

Hence, a pharmacotherapy requirement was imposed during docking in MOE which

required the KAc mimic of the benzimidazolone core to remain adjacent to N1039.

The top 100 docked docks were inspected within MOE, paying particular

attention to the polar contacts formed between the ligand and protein. The seven

ligands shown in Figure 4.18, 86 to 91, were chosen based on likely interactions

between the ligand and protein, with a subset of these ligands mimicking the H3

binding pose. These docks were subject to the same MD stability screening process

discussed in the previous sections. Unfortunately, none of the ligands identified

retained stable interactions with the protein, where RMSD plots can be found

within the appendix (Figure B.4).

4.6 Discussion

The ligands designed and tested within this project were based o� a series in

silico models, which led to the discovery of the highest a�nity ligands known

for the TRIM33b BRD. This shows that medicinal chemistry projects can be

benefit by computational design, especially in the absence of a co-crystal structure.

This chapter builds o� early experimental work that showed the benzylic amine

on the benzimidalazone core is important for binding to the TRIM33b BRD.

The ligand e�cient version of the benzimidalazone, 41, has also been seen as a

binder of a tudor domain.[216] Hence, it was important that fragment optimisation

retained the benzylic amine but looked to improve the selectivity of the compound

as well as increasing the a�nity. Testing these compounds against the tudor
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Figure 4.18: Analogues of 41 found within the ChEMBL library. The common core
used for the search is highlighted in blue.

domain was not performed in this project, but will be required to verify that

selectivity had been achieved.

Addition of a second amine to the benzylic amine, to form a range of dual-amine

containing vectors, increased a�nity of the compounds, but raised issues regarding

building an explicit in silico model. The empirical-based pKa predictions by ACD

Labs suggest that both amines on this vector would be protonated and charged.

This prediction tool was shown by Liao et al. to be robust at calculating pKa, but

this method performed poorly at tertiary amine centres.[224] This could explain why

the the protonation model predicted was unstable in both docking and MD studies.

This instability is not surprising as this would have placed two like charges close in

space. The models used to elucidate the SAR trends instead used a single charge,

placed on the terminal amine and this allowed for several important discoveries.

These findings included that the binding mode placed the dual-amine vector towards
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the binding site and that E981 was the residue the charged amine interacted with,

not E984. Ideally, future work would look to replace this di-amine containing vector

to reduce the number of torsions and ambiguous charge state. Meanwhile, this

dual-amine containing ligand has since been used as the linking point in PROTAC

ligands developed by A. Scorah and J. Reynolds. This route could allow for the

TRIM33b BRD to be validated as a therapeutic target for future drug development.

The MD simulations showed that the E984 residue was capable of ligand

interactions, despite the desolvation penalty and loss of the tightly bound W7

water molecule. This rarer binding event was further explored in a study by Dr L.

See to develop potential covalent binders for the TRIM33b BRD, which would still

contain the E981 residue required for ligand binding. A mutant protein, containing

E984C, was designed after MD validation showing that this substitution did not

impact protein stability. Ligands designed by Dr L. See replaced the terminal

amine group with groups that could covalently bind to the E984C. Preliminary

results against the mutant protein showed alkylations of the mutant protein not

seen on the WT protein, however further studies are required to confirm the site

of alkylation.[204] Covalent binding of the ligands could increase the chances of

obtaining a crystal structure of the benzimidalazone series, which were not possible

with the ligands discussed in Chapter 3.

Future optimisations should aim to explore the possibility of placing a hydropho-

bic group at the 7-positions on the benzimidalazone core, which was not addressed

within this thesis. Placing bulk at the 1”-position came at the expense of the p-p

interaction between F1038 above the binding site and Y993 in the binding site.

However, the propensity maps show that hydrophobic bulk can also be placed at

the 7-position and interact with the top of the ZA wall, in the vicinity of I990.

Work can also focus on the 6-position, which was only briefly explored in this

chapter with large complex groups.

This chapter also used ABFE calculations to rank predicted binding poses

and determine the impact of select chemical elaborations. Through adaptation of

existing protocols, these calculations can be run on much smaller, and a�ordable,
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HPC resources. For example, one repeat took only 477 hours on a HPC node

with 6 cores (at 2.6 GHz) with an NVIDIA 1080Ti GPU. These speed increases

enabled the calculations to be run on local resources and could be used to test

future designs for TRIM33b ligands. However, further e�orts are needed to improve

the error produced in these calculations, which were all above 1 kcal/mol. These

are likely due to under-sampling, that can be overcome with extended simulations.

Alternatively, recent work by Wan et al. have shown in their TIES approach that

increasing the number of replicas can improve error estimates[225] This increased

replica approach could improve the confidence intervals and is more feasible given

the improvements in GPU acceleration.

4.7 Conclusion

This chapter focused on understanding the binding of a benzimidalone core with an

additional benzylic amine. Through ABFE calculations, it was determined that the

benzylic amine had no energetic preference for pointing towards or away from the

core. A second amine was built onto the benzylic amine, with an aim to incorporate

an additional polar interaction between this group and E984. These compounds

showed a small increase in a�nity experimentally, though MD simulations showed

the additional amine group preferred to form an interaction with E981 instead.

Further ABFE calculations showed that the dual-amine containing vector now

had a preference for pointing towards the binding site. When combined with

the observation in GCMC GCI calculations that one of the ZA channel water

molecules is not displaceable, a binding model that explains why the terminal

amine group disfavours interacting E984 is possible. This model is now being

used for PROTAC ligand design.

The observation that other ZA channel waters are displaceable to expose

hydrophobic surfaces allowed for compounds that displaced water molecules to

be designed and tested, with 51 becoming one of the highest a�nity compounds

for the TRIM33b BRD. Other ligands that were removed from the dual amine
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containing series were designed, but failed to show a promising increase in a�nity

with ABFE calculations.

Finally, the hydrophobic region above the binding site was explored both in

silico and experimentally. Despite docking and MD showing stable binding poses,

these imposed strain on F1038 and hence reduced a�nity both in ABFE calculations

and in assay conditions. Future work on this series should look at building at the

7-position to increase contacts of the ligand to the ZA wall.
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Humanity shares a common ancestry with all living

things on Earth. We often share especially close

intimacies with the microbial world. In fact, only

a small percentage of the cells in the human body

are human at all. Yet, the common biology and

biochemistry that unites us also makes us susceptible

to contracting and transmitting infectious disease.

— Brenda Wilmoth Lerner Infectious Diseases: In
Context
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This chapter describes a set of homology models generated for parasite bro-

modomains found in proteins from S. mansoni and T. cruzi. These models were

then used in a series of studies to rationalise trends in observed SAR, and predict

compounds for future study. Some of this work has been subsequently validated

through a recently solved X-ray structure.

5.1 Introduction

Epigenetic machinery that is homologous to that found within humans, including

bromodomains, has been identified within parasite genomes. It has been hypoth-

esised that inhibition of this machinery could influence the lifecycles of parasitic

121
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lifeforms, and therefore o�er a potential avenue for treatment of tropical diseases.[86]

Before this machinery can become a viable therapeutic target, chemical probes

are required to determine the role of the components. The work in this chapter

looks at inhibition of bromodomains found within parasite species: Trypanasoma

cruzi and Schistosoma mansoni.

Trypanasoma cruzi and Schistosoma mansoni are two disease-causing parasites,

associated with Chagas disease and schistosomiasis, respectively.[80, 226] The

genomes of both species have been sequenced and subjected to domain charac-

terisation.[83, 227] From this characterisation, putative bromodomains have been

identified within both of these species. There have been 6 BRDs labelled in T. cruci:

TcBDF1-4,[90, 228] and a tandem bromodomain cassette in TcBDF5(1/2).[229]

Meanwhile in S. mansoni three homologous bromodomain containing proteins

(BCPs) have been identified: SmCBP1 and SmCBP2, which are analogous to

human CREBBP/p300, and a tandem BCP SmBRD(1/2) (identified within the

Conway group) which is analogous to HmBRD3.[91] Full protein sequences can

be found in the Appendix.

Through the e�orts of Dr M. Schiedel, Dr A. Chan and C. Laurin, the following

soluble parasite bromodomain constructs have been produced: TcBDF2, TcBDF3,

TcBDF5(1),SmBRD3(1/2) and SmBRD3(2). Sequences can be found in C.1. These

constructs were screened against a series of human BRD ligands, given the literature

precedent for binding.[89] The screening results are shown in shown in Figure 5.1.

The data show a range of binding a�nities, from non-binding to sub-micromolar

a�nity, as shown in Table 5.1. Additional ligands of TcBDF3 were reported by

Ramallo et al.[230] However, docking studies against the homology models described

in this chapter failed to identify any poses stable in MD (work by A. Boczek) and

testing by ITC failed to detect binding (work by C. Laurin).

These human bromodomain ligands are heavily optimised for human BRD

binding, and for kinase binding in BI-2536 (20) and BI-6727 (21), hence large

remodelling of these sca�olds will be needed if these are ever to be used for treatment

of tropical diseases. However, these compounds o�er an opportunity to validate
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Figure 5.1: Bromodomain ligands that were identified as binders of one or more parasite
BRD. The kinase hinge binding motif of BI-2536 is is shown in red.

Table 5.1: Human bromodomain ligands that have been shown to bind parasite
bromodomains. Kd values are given in µM and were calculated by ITC, except for
data marked with a *, where Kd values were determined by 1H NMR ligand observed
protein titration, values are given as a range. A dash line denotes no binding detected
and blank entries denote the experiment was not performed. Data were collected by Dr
M. Schiedel and C. Laurin.

Ligand SmBRD3(1/2) SmBRD3(2) TcBDF3 TcBDF5(1)

BI-2536 (20)[59] 1.99 ± 0.28 3.81 ± 0.58 14.6 ± 3.0 -
BI-6727 (21)[64] 57.1 ± 4.9 -

I-BET151 (11)[41] 2.83 ± 0.28 6.16 ± 0.79 263 ≠ 313ú -
I-BET726 (12)[44] 1.52 ± 0.52 1.85 ± 0.52 - -
OXFBD02 (9)[40] 0.68 ± 0.17 - 445 ≠ 508ú 73 ≠ 1000ú

N28992-57 (92)[231] - 17.8 ± 9.72 - -
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Table 5.2: Summary of parasitic bromodomain homology modelling. All proteins models
were constructed as described in § 2.7). Only the gene range corresponding to the BRD
was modelled, the entire gene can be found using the GenBank ID.

Protein GenBank ID Template Protein Template Structure Identity

TcBDF2 XP_803713.1 TbBRD2 5CZG (Chain A) 65%
TcBDF3 XP_812334.1 Tb(427) 5C8G (Chain B) 65%
TcBDF5(1) XP_818752.1 LdBPK(1) 5TCM (Chain B) 54%
SmBRD3(2) CCD76183.1 HmBRD4(2) 4Z93[233] 51%

parasite BRDs as a viable therapeutic target in disease treatment. The work

presented in this chapter looked at developing models of the ligands binding the

BRDs which has led to several key compounds that will aid the development of

chemical probes to validate targeting parasite BRDs as a therapeutic target.

5.2 Homology models the parasite bromodomains

Prior to this work, there were no published crystal structures of any BRDs from

either S. mansoni or T. cruzi. Hence, it was important to produce an accurate

homology model from which to rationalise the observed SAR and guide future

ligand design. The sequences of the individual bromodomains in SmBRD3 and

TcBDF5 were identified using BLAST and used for templates searches.[232] Suitable

templates for all the experimentally expressed constructs, with the exception of

SmBRD3(1), were identified using the online sequence search tool available on

www.rcsb.org, where the highest ranking results are shown in Table 5.2. Templates

were identified for all proteins, all of which had over 51% sequence identity. The T.

cruzi proteins had templates within other parasite bromodomains that had been

crystallised, while the sequence of SmBRD3(2) best matched with HmBRD4(2).[233]

Interestingly, the templates for TcBDF3 (PDB ID: 5C8G) and TcBDF5(1) (PDB

ID: 5TCM) were both co-crystallised with BI-2536.

Homology models were constructed as described in § 2.7, and are shown in

Figure 5.2. All models appeared to be canonical bromodomains, where the KAc

recognising Asn residue pointed into the binding site. The model of SmBRD3(2)
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showed a hydrophobic pocket adjacent to the binding site consisting of H280, F281

and F282, similar to the WPF shelf seen in HmBRD4(1).[40]. However, this region

di�ered from the WPF shelf, shown previously in Figure 1.8, as the bulky F281

residue is one position closer to the –C helix than W81 is within HmBRD4(1),

making the shelf slightly smaller. The models of the T. cruzi bromodomains did

not have WPF shelf equivalents. Instead, TcBDF2 and TcBDF5(1) have a more

horizontal hydrophobic surface formed from a Met and Leu residue, respectively.

TcBDF5(1) has a bulky Tyr (Y38) residue that partially-occludes the top of the

ZA channel. In place of the WPF region, TcBDF3 model had a very shallow

surface relative the the WPF shelf, where the Trp (W81) and Pro (P82) residues

are instead Ala (A64) and Ser (S65) residues. This opens up one side of the ZA

channel to be more solvent exposed.

The stability of the homology models during equilibrium MD was assessed to

ensure they remained folded during simulation. The data show no major unfolding

of the protein during simulations, shown in Figure 5.3. The majority of movement

within the protein within the ZA loop residues, shown by the RMSF plots in

Figure 5.3 and the RMSD values of the non-ZA loop residues having a relatively

lower RMSD. With stable homology models constructed, the molecular dynamics

simulations were further studied to verify if the parasite bromodomains contained

the typical binding site water network. A density analysis was performed over the

apo simulations to identify regions of high water occupancy, shown in Figure 5.4.

Overlaying these densities with the water molecules from the template proteins, it

was observed that the water positions within the templates could be used to model

the water positions for docking studies. Regions of high water density can also be

seen in the ZA channels of the T. cruzi models, seen to the left of the images in

Figure 5.4. These positions were noted for future studies. The homology models

were prepared for docking studies using the MOE package, which allowed for water

molecule orientation optimisation, with protonation states predicted at pH 7.4.



5. Probing BRD inhibition in Parasites 127

Figure 5.3: MD assessment of homology model stability. The stability of (A)
SmBRD3(2), (B) TcBDF2, (C) TcBDF3, (D) TcBRF5(1) homology models were assessed
using RMSD of the whole protein, the protein without the ZA loop and root mean squared
fluctuation (RMSF). Simulations were performed in triplicate, with the di�erent replicas
shown in red, green and blue.

5.3 Studies on the model of TcBDF3

The homology model of TcBDF3 identified a canonical BRD site, with the Asn

residue (N139) capable of interacting with the KAc mimic conserved in the structure.

Docking studies were performed on binders of the TcBDF3 construct, focusing on

20 which was identified as the highest a�nity binder known, and 21 which was a

slightly weaker analogue. Docking studies identified several poses of 20. However,

only one pose mirrored the crystallographic structures in HmBRD4(1) (PDB ID:

4O74) and TbBRD3 (PDB ID: 5C8G) and placed the KAc mimic next to N139,

shown in Figure 5.5A. This pose placed the amide and attached piperidine ring

away from the binding site as solvent exposed.
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Figure 5.4: Regions of high water occupancy in apo simulations of homology models.
Regions of high water density in (A) SmBRD3(2), (B) TcBRF2, (C) TcBDF3, (D)
TcBDF5(1) are shown using the wire mesh. Water molecules from the homology model
templates have been imposed for reference. Red water molecules indicate binding site
waters, blue water molecules indicate waters in the ZA channel.

As discussed, the homology models showed that one side of the ZA channel

is partially solvent exposed in TcBDF3. Despite the increase in solvent exposure,

MD simulations showed that the anisole ring remained largely on the hydrophobic

wall within the ZA channel, represented by the distance to L75 in Figure 5.5B.

In contrast, in HmBRD4(1) (PDB ID: 4O74) there is a bulky Trp (W81) residue

which forms a side on p-p interaction with the central anisole ring and shields it

from solvent, shown in Figure 5.5C. The plot in Figure 5.5D shows that the central

anisole ring is e�ectively pincered within the ZA channel between the ZA wall,

represented by the distance to L92, and the WPF shelf. Note that the distances

from the second MD simulation were omitted from this plot, as it showed the ligand
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exiting the binding site. The lack of the ZA channel walls pincering 20 could

partially justify why there is a large di�erence in binding a�nity for 20 between

HmBRD4(1) (Kd = 37 nM) and TcBDF3 (Kd = 15 µM).[60] The piperidine group

was modelled as charged, acting as a solubilising group. This group remained largely

in solvent, but was able to form transient interactions with E74.

Docking and MD simulations on 21 in TcBDF3, identified a similar pose of

the compound core, shown in Figure 5.5E, though a di�erent regioisomer of the

anisole core. The docked model placed the group beyond the amide linker within

solvent, and this was maintained during MD simulations. The anisole group was

found to be less attached from the ZA wall, shown in Figure 5.5F.

The observations that the solvent-exposed group in 20 formed no vital interac-

tions with TcBDF3, and likely acted as a solvating group, led to the hypothesis

that the compound could be truncated to just feature the BI-2536 core, resulting

in compound 93. This compound was found to be a weaker binder of TcBDF3,

with a Kd of 335-365 µM (determined from NMR titration, C. Laurin). Further

synthetic work by C. Laurin added the Alexa Fluor™ 488 group (ThermoFisher) at

the amide linker to produce compound 94. This compound was used in florescence

polarisation (FP) assays as a high-throughput means of identifying TcBDF3 binders.

The Kd values of the probe was determined using FP by C. Laurin - TcBDF3:

3.36 ± 1.17 µM; HmBRD4:9.9 ± 2.5 nM; HmBRD4(2): 14.9 ± 1.7 nM; PLK1:

5.5 ± 1.5 nM. However, the a�nity of the compound could not be determined by

ITC despite two attempts by C. Laurin (Appendix Figure C.4).

5.3.1 Guiding optimisation of BI-2536 (20)

To further improve the ligand a�nity to TcBDF3, additional hydrophobic or polar

interactions needed to be built into 20. The work in the previous section showed

that the core is held within the binding site and that the anisole group sat adjacent

to L75, however, no more contacts are made with the protein after this group.

This is due to a turn in the ZA hydrophobic wall beyond L75, from the binding

site. Changing the group beyond the core could allow the ligand to bind around
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Figure 5.5: Studies of 20/21 in HmBRD4(1) and TcBDF3. (A) Docked structure of
20 in TcBDF3. (B) KDE plot of the distance of the central anisole ring to L75. (C)
Crystal structure of 20 in HmBRD4(1) (PDB ID: 4O74). (D) Jointplot showing the
distances of the anisole ring to L92 and W81 in HmBRD4(1), which are on opposite sides
of the ZA channel.(E) Docked structure of 21 in TcBDF3. (F) KDE plot of the distance
of the central anisole ring to L75.
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Figure 5.6: Derivatives of BI-2536 (20). Compound 93 was a designed as a minimal
binder of 20 and showed strong binding. Compound 94 was a flourophore designed by C.
Laurin and used in a FP displacement assay. [234]

this corner and increase the surface area of hydrophobic contacts. Around this

corner there are also two polar residues, E74 and N71, which are solvent exposed

but could be explored to form polar interactions.

With the absence of a hydrophobic shelf on the adjacent side of the ZA channel

building hydrophobic groups perpendicular to the molecule, such as those in

OXFBD02 (9) and I-BET151 (11), was unlikely to gain a�nity. Especially as

simulations by A. Boczek showed the pyridyl group of 11 failed to reside on this

region (unpublished). The ZA channel was an additional region that could have

been targeted for maximise a�nity, however, there was no co-crystal data available

to understand which ZA waters are displaceable.

It became clear that designing analogues of 20 was a multivariate problem,

where the ligand needed to be adapted to improve a�nity but also altered to remove

selectivity for kinases and human bromodomains. Firstly, it was hypothesised

that HmBRD4(1) selectivity could be removed by alteration of the KAc mimic

(R)-ethyl group. This group mimics the methyl group on the KAc residue and

studies by Vollmuth et al. have shown that the binding a�nity for HmBRD4(1)

to KAc is reduced whin the methyl group was replaced by larger groups such as

n-propyl or n-butyl groups.[235] Chen et al. had only probed the substitution of an

ethyl group to either a proton or a benzyl group in HmBRD4 and removing the
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Compound R Group ��GMMP BSA(HmBRD4) ��GMMP BSA(TcBDF3)
20 (R)-Et 0 0
95 (R)-nPr +5.58 ± 2.93 ≠1.13 ± 3.32
96 (R)-iPr ≠2.00 ± 1.01 ≠1.17 ± 2.73
97 (R)-CyPr +1.12 ± 1.52 +2.07 ± 2.47
98 (R)-CyPe +2.49 ± 3.83 -
99 (R)-nBu ≠4.68 ± 1.64 ≠1.67 ± 2.86

Figure 5.7 & Table 5.3: Analogues of 20. The (R)-Et groups were replaced to increase
bulk and scored in both HmBRD4 and TcBDF3 using MM-PBSA. All scores are presented
as relative to BI-2536 binding the respective protein. Units are reported in kcal/mol.
CyPr = cyclopropane and CyPe = cyclopentane. �GMMP BSA values were calculated in
triplicate, where simulations containing unbinding were removed. ��GMMP BSA errors
are reported as the standard error.

stereochemistry, showing that a benzyl group prevents binding.[63] The binding site

in TcBDF3 was visibly larger than in HmBRD4(1) and hence it was hypothesised

that selectivity for only TcBDF3 could be retained by replacing the (R)-ethyl group

in 20 with larger groups. MD simulations of di�ering R groups, 95 to 99, were

prepared by by A. Boczek and allowed for subsequent scoring using MM-PBSA.

These calculations showed large errors, reducing confidence in its ranking ability.

In addition, it predicted that larger groups were tolerated, to varying degrees, in

both HmBRD4(1) and TcBDF3, shown in table Figure 5.7. However, the scoring

by molecular mechanics Poisson-Boltzmann surface areas (MM-PBSA) free energy

estimations indicated that nPr and nBu were substitutions that could improve

selectivity. Applying these modifications to the histone tail lysine has already been

shown by Vollmuth et al. to reduce HmBRD4(1) a�nity while the scores show that

these modifications could maintain or improve TcBDF3 a�nity.[235]

Secondly, to address the low a�nity of 20, it was important to design ligands

that were of higher a�nity and also easy to synthesise for testing. Compound

100 was a truncated analogue of 20 that was synthesised by C. Laurin. It was

hypothesised that it could act as an amide coupling partner to test a variety of
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Figure 5.8: Workflow used to generate one-step amide analogues. (A) The workflow
for generating amides: i) The structure of 100 was combined with all acyl chlorides
and carboxylic acids available from Sigma Aldrich (January 2019) using the reaction
SMART shown in panel B; ii) The resulting compounds were subject to a structure-factor
index filter of < 11 and checked against known PAINS sub-structures.[195] iii) Remaining
compounds were docked against the TcBDF3 homology model using H-bond contained
docking between the amine group of N124 and the carbonyl group of 100; (iv) The top
20% of compounds were subject to manual inspection and all reagents with possible side
reactions removed. (v.) The filtered compounds were subject to MD simulations to assess
stability and identify new interactions.

di�erent one-step amide couplings and allow chemical space around the anisole

ring to be rapidly investigated.

The workflow used to design the series of all possible one-step amide coupling

products is shown in Figure 5.8. The amides were produced using an amide coupling

reaction SMART, adapted from Oakley et al.,[236] and using all acyl chlorides and

carboxylic acids available from Sigma in January 2019. These were subject to a

PAINS filter to reduce the number of false positive compounds, where substructures

were taken from the work of Saubern et al.,[195] and a structure factor index filter

(SFI=clogD + (No. aromatic rings)) of < 11 to remove insoluble compounds. Initial

docking attempts using AutoDock4 regularly failed to place the 20 core in the
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Figure 5.9: Synthetically tractable amides that were stable during MD simulations. MD
studies are shown in Figure 5.10 and Figure 5.11. The 100 core has been highlighted in
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binding site, and hence restrained docking alternatives were investigated. GOLD,

from the CCDC, was used instead as this allowed for H-bond constraints to be

imposed within docking while maintaining a small calculation cost.[237] The atom

number of the core carbonyl oxygen atom was needed to facilitate the constrained

GOLD docking, and was identified using a substructure search with RDKit.

Initially, compounds were scored and ranked using the GOLD ChemPLP score.

The top 20% were then subject to manual visualisation to remove compounds that:

contained unfeasible geometries,[238] would have undergone side reactions upon

synthesis or would not undergo amide coupling. Of the compounds generated,

20 were taken forward for further study in MD simulations. Four compounds

maintained carbonyl binding to N124 in at least one of the simulations and were

then visually inspected to understand the interactions gained (Figure 5.9).

101 projected two groups out from the amide bond: a charged amine towards

the ZA channel and an indole group on an sp3 linker, shown in Figure 5.10A. MD

showed there were two fates for this group: either it was able to turn the L75 corner
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Figure 5.10: Docking and MD studies of tractable amides 101 and 102. The amides shown in Figure 5.9 were docked to the TcBDF3
homology model, where 101 and 102 are shown in the left column. These underwent triplicate MD simulations, which revealed di�erent
binding modes, shown by the central column. Distances (marked by purple dashes) were measured during the simulations and shown by the
plots on the right. (A) 101, (B) 102.
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Figure 5.11: Docking and MD studies of tractable amides 103 and 104. As seen in Figure 5.10, ligands (A) 104 and (B) 103 underwent
docking and subsequent MD studies.
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and place an indole group in the vicinity of L75 or form a cation-p interaction with

R67, shown by the two islands in the 2D histogram in Figure 5.10A. Meanwhile

102 projected two aromatic groups away from the amide bond: a quinoline towards

L75 and a Cbz group towards the ZA channel, Figure 5.10B. Simulations show the

Cbz group formed no permanent interactions and pointed towards solution, while

the quinoline group resided near L75 (shown by the barcode plot in Figure 5.10B).

103 contained a similar indole system to 101, however, was extended to include

another phenyl group via an ether linker. Despite the phenyl group starting docked

in the ZA channel, in all simulations this compound folded over to some extent.

This conformational change allowed the phenyl group to reach across S65 and form

hydrophobic interactions with a hydrophobic pocket formed by L130 and A129,

as shown in Figure 5.11B. Surprisingly, this pose do not allow the ethyl linker to

form polar interactions with S65 (data not shown). A similar binding pose was

seen with 104, where the phenyl group resided in the same hydrophobic pocket

during simulations, also shown as a barcode plot (Figure 5.11B). This ligand also

placed the central, linking benzyl group in the hydrophobic region surrounding

L75. However, this interaction prevented the tetralin group from forming lipophilic

interactions and instead pointed unfavourably towards solvent, seen in Figure 5.11A.

In summary, analysis of these compounds has shown that a sp3 centre adjacent to

the amide bond could allow the compound to wrap around L75 and form increased

hydrophobic contacts. In addition, phenyl groups on extended linkers could be used

to probe a previously unexplored, hydrophobic region of the binding site formed

by L130 and A129. Finally, that a cation-p interaction is possible beyond the ZA

channel with aromatic systems that can adopted the correct geometry.

The workflow used has two outstanding issues; firstly, the ChemPLP score

was visibly biasing towards high molecular weight (MW) compounds. Secondly,

performing the simulations with GROMACS 2019.0 prevented improved scoring

of all ligands taken forwards for MD studies with MM-PBSA, due to the removal

of implicit solvent from the codebase. Future work should look to re-weigh the

GOLD scores according to molecular weight, so investigate smaller perturbations



138 5.4. Investigating SmBRD3(2) binders

Figure 5.12: K -means clustering of the SmBRD3(2) homology model after MD

to the initial fragment. In addition, if MM-PBSA studies are used for improved

scoring, an older version of GROMACS should be used.

5.4 Investigating SmBRD3(2) binders

Molecular docking studies of BI-2536 (20), I-BET726 (12) and I-BET151 (11)

were performed in SMBRD3(2), to understand the putative binding modes of

these ligands and guide future ligand design. Initial docking studies failed to place

the ligand within the binding site, instead placing ligands above the binding site

(data not shown). Closer inspection of the homology model found that F281 was

pointing directly into the binding site, and thus occluding it. To identify di�erent

binding site conformations, apo simulations of SmBRD3(2) were subject to k-means

clustering into 7 representative clusters, shown in Figure 5.12 and described in

Chapter 2. This identified three representative clusters where the F281 residue

is pointing perpendicular to the binding site and thus no longer occluded. The

largest representative cluster was selected for future docking studies (purple in

Figure 5.12) and was able to successfully dock ligands within the binding site, and

with the KAc mimic interacting with N339.

Docking of 12 produced only one binding pose of the compound that placed the

KAc mimic in the vicinity of N339, shown in Figure 5.13A. This pose failed to fully
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resemble the pose seen in HmBRD4(1), where the para-chlorobenzene group would

reside on the WPF shelf. This HmBRD4(1) ligand pose in HmBRD4(1) has been

overlaid with the homology model in Figure 5.13B and shows the benzylic clash with

F281. This is due to the cluster used for docking studies having the F281 residue in

close proximity to helix –C , relative to W81 of the HmBRD4(1) WPF shelf, hence the

hydrophobic nook between F281 and –C is quite tight. The docked pose instead had

a di�erent ring conformation, the para-chlorobenzene group pointing away from the

binding site and into solution and the benzoic acid group perpendicular to the core.

The clash of F281 with the hydrophobic chlorobenzene group, and di�erent

ring conformation, suggested that the homology model was not in the optimal

conformation to bind 12. Therefore, the docked pose was subject to MD simulations

to allow the binding site and ligand to interact further. Only one simulation retained

the ligand in a stable binding pose, where the ring kinked to the form in HmBRD4(1)

and the para-chlorobenzene group was able to move and reside on the nook on

the HFF shelf, shown in Figure 5.13C. This adjustment in the protein and ligand

showed that the binding mode in HmBRD4(1) was indeed possible and additional

a�nity can be gained from the HFF shelf. It also shows that the carboxylic acid

group is capable of interacting with K284 and H280. Later co-crystallisation studies

by Dr M. Schiedel resulted in crystallisation of 12 in SmBRD3(2). The structure

(unpublished) is shown in Figure 5.13D. There is a small di�erence in organisation

of the LLY region of the ZA loop, where the crystal structure shows L291 forming

additional hydrophobic contacts with the ligand, rather than pointing into solution.

This di�erence stems from the cluster chosen for docking studies, where the apo

protein undergoes larger ZA loop movements in the absence of ligand. However, this

structure has an RMSD di�erence of 0.93 Å from the snapshot shown in Figure 5.13C,

validating the model generated through docking and MD to allow for an induced fit.

Compound 11 also relies on gaining a�nity from the WPF shelf in HmBRD4(1)

(PDB ID: 3ZYU), where the pyridyl group residues on the shelf.[41] An alternative

binding pose has been seen in T. brucei (PDB ID: 4PKL), where the benzimidizalone

core pointing into the binding site as the KAc mimic, which has been hypothesised as
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Figure 5.13: Docking, MD, and crystallographic binding modes of I-BET726 (12). (A)
Only docked pose of 12 that placed the KAc mimic in the vicinity of N339. (B) Overlay
of the crystallographic pose of 12 in HmBRD4(1) (PDB ID: 4BJX) on the SmBRD3(2)
homology model. (C) A snapshot 40 ns into an MD simulation of the docked pose
shown in panel A. (D) The binding site of the co-crystal structure of 12 in SmBRD3(2),
obtained by Dr M. Schiedel (Chain A, 1.2 Å, unpublished).

being due to a p-stacking interaction of this group with a Trp adjacent to the binding

site.[89] Molecular docking studies identified both these poses in SmBRD3(2): pose

1 shown in Figure 5.14A and pose 4 shown in Figure 5.14B. However, the pose seen

in HmBRD4(1), pose 1, was not fully recreated as the pyridyl group was unable to

occupy the HFF nook and instead remained solvent exposed, Figure 5.14A. MD

studies showed both poses were stable in the binding site, shown by the RMSD

plots in Figure 5.14C for pose 1 and Figure 5.14D for pose 4. The major movement

within the ligand is the pyridyl group. Figure 5.14E shows that for pose 1 the

pyridyl group remains in the vicinity of V289 and does not move into the HFF
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Figure 5.14: Clustering of docking studies of I-BET151 (11) against SmBRD3(2) gave
two clusters that resembled known 11 binding modes: Cluster 1 (A) and Cluster 4 (B).
MD studies showed both poses were stable in the binding site, (C) and (D), with the
exception of the pyridyl group which sampled local space. Plots (E) and (E) show the
distance of this ring to V289 and the midpoint of the HFF nook during MD simulations
of the respective docked poses. Simulations were performed in triplicate, shown by the
red, blue and green lines.

nook. While in Figure 5.14F, which measures the distance of the pyridyl group to

the bottom of the HFF nook, it is shown that in pose 4 the pyridyl group partially

resides in the HFF nook. With both poses stable and with sub-optimal binding

of the pyridyl moiety, more rigorous studies would be needed to understand which

pose is the most energetically favourable. Once the lower energy pose is obtained,

exploring the SAR around this pyridyl group would be the highest priority.



142 5.4. Investigating SmBRD3(2) binders

Figure 5.15: Docking and MD studies of BI-2536 (20) binding in SmBRD3(2). (A)
Docked pose of 20 binding in SmBRD3(2) that placed the core in the binding site. (B)
The ligand RMSD during the simulations. (C) The distance fo the anisole group to V289,
on the hydrophobic wall of the ZA channel. (D) The distance of the anisole ring to F281,
which is on the opposite side of the ZA channel to V289.

The docked pose generated of 20 was observed to be similar to that seen in

TcBDF3, shown in Figure 5.15A. The ten fold increase in binding a�nity for

20 to SmBRD3(2) over TcBDF3 could be explained by the reintroduction of a

bulky aromatic group adjacent to the the anisole group, such as that seen in

HmBRD4(1). Disregarding the second simulation replica, which shows partial

ligand displacement in Figure 5.15B, it can be seen the anisole group remains

pincered between V289, Figure 5.15, and F281, Figure 5.15D. This binding pose

would also predict that the compound would work with 94, the fluorescent probe,

which was later confirmed by Dr M. Schiedel. This exhibited the same behaviour

in ITC, where a Kd could not be determined.
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In the final study, OXFBD02 (9) was expected to be a binder of SmBRD3(2)

given the HFF nook provides a similar hydrophobic region to the WPF shelf in

HmBRD4(1), albeit slightly closer to the –C helix. However, binding of 9 was

not observed. Docking studies were unable to reproduce any sensible binding pose

that involved N339 interacting with a KAc mimic. Given the importance of W5

on binding 9 in HmBRD4(1), the water density analysis in the ZA channel was

re-examined and a ZA channel water molecule added to the protein model used in

docking. Docking was still unable to reproduce likely poses, as F281 prevented the

phenyl group from residing in the HFF nook. An overlay with the I-BET726 (12)

crystal structure, shown in Figure 5.16, shows that the phenyl group is unable to

adopt the required geometry in the binding site to interact with N339 and placing

the phenyl group in the HFF nook, and so unable to dock in both sets of studies.

Overall, these studies have shown that SmBRD3(2) was able to bind ligands

designed for HmBRD4(1), due to the presence of the HFF nook. This is an

equivalent of the WPF region seen in HmBRD4(1). However, this nook is placed

closer to the –C-helix which prevents some HmBRD4(1) ligands from binding.

This di�erence, however, o�ers a unique opportunity to remove human selectivity

from the ligands in future.

5.5 Enantioselective binding to TcBDF5(1)

Only one compound has been identified as a binder of TcBDF5(1): OXFBD02 (9).

Chiral separation of this compound and subsequent testing by FP showed only a

slight di�erence in binding a�nity between enantiomers.[234] The homology model

of TcBDF5(1) showed a shallower hydrophobic shelf, formed by L29 lying flat across

the shelf. Hence, it was expected that 9 would bind in the binding mode seen in

HmBRD4(1) (PDB IDs: 4JOS/4JOR).[40] Initial docking studies using just the

binding site waters failed to reproduce the docking poses, which was expected as

W5 is key to binding the hydroxyl group. Again, inspection of the water densities in

Figure 5.4D showed a water molecule at the start of the ZA channel as it exits the

binding site, shown in Figure 5.4D. The water molecule from the LdBPK template
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Figure 5.16: Comparison of OXFBD02 (9) (yellow) and I-BET726 (12) (white) binding
in SmBRD3(2). The binding mode of 9 (taken from a HmBRD4(1) structure, PDB ID:
4JOS - green) aligned to and overlaid by the crystal structure of 12 binding in SmBRD3(2)
(grey - unpublished).[40]

closest to this density was introduced for docking and further docking studies gave

the two poses shown in Figure 5.17A and B. Docking of both enantiomers showed the

phenyl group could be placed on the shelf made by L29, with the hydroxy group on

the linker interacting with either the backbone of G28 or the hydroxy group on Y38.

Through MD studies, the interactions of the hydroxy group to G28 and Y38

were investigated, as well as the proximity of the phenyl group to the L29 shelf.

All simulations were stable and retained the ligand in the binding site for both

enantiomers. Figure 5.17C compares the interactions of (S)-9 with both these

residues. This shows that in the majority of the simulation, the group is in close

proximity to Y38 which places the phenyl group over L29 and on the hydrophobic

shelf. Meanwhile, Figure 5.17D does the same comparison for (R)-9 and shows the

opposite, that the linker hydroxyl group interacts with G28 to place the phenyl

group over L29. These observations explain why binding of both enantiomers

is detected at similar a�nities.

As discussed in § 5.2, the template of the TcBDF5(1) homology model contained

BI-2536 (20) in the binding site. Yet, this compound was shown not to bind

TcBDF5(1) by C. Laurin. Comparison of the binding sites shows that region above
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Figure 5.17: Both enantiomers of OXFBD02 (9) docked to TcBDF5(1). (A) (S)-9 and
(B) (R)-9 were docked and only the poses shown placed the isoxazole KAc mimic in the
proximity to N91. Both docked poses places the phenyl group on the hydrophobic region
above L29. A comparison of the distances between the backbone carbonyl of G28 and the
hydroxyl group of Y38 are shown in Distances marked are shown in (C) for (S)-9 and
(D) for (R)-9.

the TcBDF5(1) binding site is partially occluded by L97, shown in Figure 5.18. This

bulky residue could clash with the cyclopentane moiety and likely prevent binding.

While in LdPBK(1) this residue is a Tyr, which is pinned away from the binding

site through a polar interaction with H23. Further testing of 21, or 20 analogues

without the cyclopentane, against this compound would test this hypothesis. This

also explains why 94 failed to bind in the FP assays, tested by C. Laurin.

After these studies were completed, an apo structure of TcBDF5(1) was deposited

in the PDB (PDB ID: 6NEY - 2.17 Å resolution). This was accompanied by two
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Figure 5.18: Overlay of BI-2536 (20) binding LdBPK(1) and TcBDF5(1) homology
model. The coloured model of TcBDF5(1) is aligned and overlaid with the crystal
structure of LdBPK1 (grey). The aromatic Y93 is pinned back away from the binding
site through interaction with H23. In TcBDF5(1) this residue is a bulkier Leu (L97) and
partially blocks the top of the binding site.

structure of TcBDF2 in its apo state and co-crystallised with bromosporine (19)

(PDB ID: 6NP7 and 6NIM, respectively). The structure of TcBDF5(1) was a

close match with the homology model used in the previous studies, where the only

visible di�erence was an extension to the –C helix in the crystal structure. The

RMSD of the homology model was 0.60 Å, and after 25 ns of MD the RMSD

increased to only 0.85 Å. This small deviation from the crystal structure shows

the homology model was a suitable substitute for the crystal structure. Hence,

the observations from the MD studies are still valid.

5.6 Discussion

BI-2536, a dual HmBRD4(1) and PLK1 kinase binder, was shown to bind all

parasite bromodomain constructs, but TcBDF5(1). This has also been shown to

bind L. donovani and T. brucei bromodomains (from crystal structures awaiting

accompanying publication), hence provides a starting point for developing potential

tropical disease treatments. Despite the di�ering binding sites in HmBRD4(1),

SmBRD3(2) and TcBDF3, this ligand is accommodated in the binding site, gains
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Figure 5.19: Diazerine derivatives of BI-2536. Compounds 105 and 106 were derived
from BI-2536 and used in a LCMS based assay to determine additional TcBDF3 binders.

a�nity from placing the anisole ring on the hydrophobic ZA wall and has the

solubilising group facing into solution. Confirmation that the solubilising group

points to solution has led to the fluorescent probe 94, by C. Laurin, which can

aid in ligand development of 20 binders.

TcBDF3 has a lower a�nity for BI-2536 (20), likely due to the central anisole

ring being solvent exposed on one side. This suggests the anisole group is less

vital to obtaining a�nity through hydrophobic interactions. This observation has

been validated by testing of 93, which removes all but the KAc mimic and retains

binding. This observation has also contributed to the design of two diazerine linkers,

105 and 106, which have been synthesised by C. Laurin. These were used as

controls in a LCMS based library search of diazerine containing compounds to

identify binders of TcBDF3, where binders were able to cross link to the protein

and led to a mass shift.[234]

Before analogues of 20 can be used as a probe in development of tropical disease

treatments, it is important to remove its kinase binding ability. Especially if there

are equivalent kinase proteins within T. cruzi and other parasite species. Kinase

binding is dependent on the hinge binding motif, where two nitrogen atoms in the

centre of 20, shown in red in Figure 5.1, bind the backbone of a cysteine residue,

C133 in PLK1.[60] It has been shown in literature,[62, 63] and subsequent validation

by M. Keller (unpublished work), that removal of the hinge binding nitrogen atoms

can remove kinase binding ability. MD simulations by A. Boczek showed that

removal of one or both of these hinge binding atoms prevented the ligand binding

deep in the PLK1 binding site, and MM-PBSA calculations of these simulations
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showed positive DDGMM≠P BSA values, shown in Appendix Figure C.6. Hence,

future optimisation of 20 should also focus on removal of ideally both hinge binding

nitrogens, which are shown in these models to be non-vital for TcBDF3 binding.

Further to these modification, synthetic validation of replacing the KAc ethyl

with n-propyl or n-butyl could provide a way to remove human selectivity in 20

analogues. The in silico validation, through triplicate MM-PBSA calculations,

su�ered large errors which were often larger than the magnitude of the value and so

still ambiguous at to whether the modification would increase selectivity. However,

if further computational validation is needed, there are two approaches that could

be used. Firstly, using the MM-PBSA calculation setup seen in the ESMACS

method, proposed by Wright et al.[181] This approach uses a larger set of replica

simulations, though using simulation data from 4 ns compared to the 35 ns used

within this work, to bester estimate the error and increase sampling. Alternatively,

these systems could be subject to ABFE calculations which have been shown by

Aldeghi et al. to improve the ranking accuracy of compounds by predicted DG.[109]

The summary of all these proposed modifications to 20 are shown in Figure 5.20.

Future work should look at identifying suitable R’ groups to increase hydrophobic

contacts with the ZA wall, incorporate in a cation-p interaction with R67 or

possibly build across to L130 and A129. There are multiple methods that could

be used to design suitable ligands to incorporate these. One approach would

be to identify small fragments that bind well within these proposed regions and

then identify suitable linkers to join them to the 20 core. Many tools exist to

perform this, for example Yamaotsu et al. have developed a package called Fsubsite

which uses a knowledge based approach to identify putative binding locations

of common ligand substructures.[239] Co-solvent simulation solutions have also

been published which identify protein regions favoured by a particular solubilised

fragment during simulation.[240]

Docking studies of I-BET726 (12) did not determine the binding mode in the

homology model of SmBRD3(2), without MD being used to relax the binding site

and allow the para-chlorobenzene group to move into the HFF nook. The resulting
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Figure 5.20: Summary of suggested modifications for BI-2536 (20)

model has subsequently been confirmed by a co-crystal structure and shows close

agreement. Both the model and crystal structure show that there is scope to build

o� the benzylic acid ring to increase its hydrophobic surface area, towards L293,

and hence hydrophobic interactions with the ZA wall.

The lack of binding of 20 by TcBDF5(1), which could be caused by L97

preventing the cyclopentane moiety from binding, is useful in developing a TcBDF3

selective probe. On top of building in modifications to remove HmBRD4(1) and

kinase binding, the bulky cyclopentane group should be retained to ensure the

ligand cannot bind TcBDF5(1). Meanwhile, large modifications of 9 are needed

to remove its excellent human BET protein binding and increase its a�nity for

TcBDF5(1). Modifications could focus on Y38, which could be used to gain either

a cation-p or p-p interaction.

5.7 Conclusions

In summary, homology models of TcBDF3, TcBDF5(1) and SmBRD3(2) were used

in this chapter to understand the binding of human bromodomain ligands to parasite

bromodomains. BI-2536 (20) was able to bind both TcBDF3 and SmBRD3(2),

where the KAc mimic interacts with the binding site Asn residue and the central

anisole ring sits against the hydrophobic wall of the ZA channel. The a�nity of 20

is increased in SmBRD3(2) due to F281 forming a p-p interaction with the other

side of the anisole ring, while in TcBDF3 this side is left solvent exposed. The
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observation that the solubilising group on 20 formed no key interactions has led to

the development of diazerine linkers and a fluorescent probe to aid in development

of ligands for 20 binders. In silico techniques were employed to generate analogues

of the the 20 core, which led to the observation that sp3 centres o� the core could

increase the hydrophobic surface area of ligands by turning the ligand around L75,

a cation-p interaction is possible with R67 and there is a hydrophobic pocket near

the –C helix which could all be exploited in future ligand design.

The binding mode of I-BET726 (12) to SmBRD3(2) was correctly identified

from combining docking and MD studies to allow the a relaxed version of the

homology model to adjust to the ligand, a model that was subsequently confirmed

with a co-crystal structure. This showed that the para-chlorobenzene group was able

to reside in the nook created between F281, F280 and the –C helix. This nook is

too close to the –C helix for the phenyl group of 9 or the pyridyl group of I-BET151

(11) to bind in this region, o�ering a chance to obtain selectivity over the human

BET proteins. The 11 binding mode could not be determined, however, removal of

the pyridyl group could aid in developing a better sca�old for SmBRD3(2).

Despite not binding TcBDF3, 9 was able to bind TcBDF5(1). Binding of 9 was

dependent on W5 in the ZA channel and the hydrophobic shelf adjacent to the wall

in the ZA channel formed by L29. The hydroxyl linker in 9 was able to interact

with both G28 and Y38 in the ZA channel, an additional H-bond interaction that

also facilitated the phenyl group residing on the hydrophobic shelf formed by L29.

Overall, these models have o�ered insights into the binding modes of human

bromodomain ligands. The insights can now be used to improve selectivity over

the human bromodomains, particularly using the HFF nook in SmBRD3(2). These

can also be used to increase a�nity for the parasite targets, such as incorporating

additional interactions to TcBDF3 in 20.
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The aim of the work presented in this chapter was to use MD models to

elucidate di�erences in binding a�nity of OXFBD02 (9) analogues for BRD4(1)

and to rationalise selectivity between BRD4(1) and CREBBP of a CREBBP BRD

ligand series. Part of this work has already been published and can be used to

expand on the details covered in this chapter.[231]
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bound to BRD4(1) (PDB ID: 4J0R).[40] (C) Structure of (R)-107 bound to BRD4(1)
(PDB ID: 6FSY).[231]

6.1 Introduction

There are 61 known bromodomains (BRDs) which exist in 46 bromodomain contain-

ing proteins (BCPs) within the human body.[241] Over the last few years, several

probes have been successfully developed for a number of these bromodomains.[5,

27, 242] The majority of these ligands target the bromodomain and extra terminal

domain (BET) family of BCPs, which contain two adjacent BRDs (BD1 and BD2),

and have proven to be therapeutic targets.[242] However, BRD ligands have su�ered

from a lack of selectivity amongst the 61 known BRDs, with BET ligands targeting all

members of the family, and showing di�ering selectivity between BD1 and BD2.[243]

6.1.1 OXFBD02 derivatives

OXFBD02 (9) is a BET BRD ligand developed by Hewings et al., which binds to

BRD4(1) with nanomolar a�nity (IC50=382 nM).[231] This compound contains a
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terminal phenyl ring that resides in the WPF shelf of BRD4(1),[40] a hydrophobic

cleft formed by W81, P82 and F83 (Figure 6.1B and C). This interaction improves

both the a�nity and selectivity of the ligand for the BET family of BRDs. 9 also

contains an isoxazole moiety that acts as a KAc mimic.[244] Further SAR studies

to explore the WPF binding moiety found that changing the substitution from

a phenyl to a pyridyl group increased the metabolic stability of the compounds.

It was also found that this substitution could enhance the a�nity, as seen with

ligand 107. However, moving the nitrogen one position closer to the linker led to a

dramatic reduction in a�nity, as seen with ligand 108.[231] It was predicted that

an intramolecular H-bond within 108 could be responsible, but the reasons for the

impact of these interactions on binding a�nity were not clear. A crystal structure

of (R)-107 shows an almost identical binding pose to (9) with the pyridyl nitrogen

solvent exposed (Figure 6.1C). The initial work within this chapter looks to explain

these di�erences in binding a�nity through docking and MD studies.

6.1.2 CREBBP ligands show di�ering selectivity over BRD4(1)

CREBBP is another BCP, that does not belong to the BET family. It functions as

a lysine acetyltransferase (KAT) and is vital for normal human development.[50]

As such, it has been linked to a range of cancers.[48] A series of ligands have been

published that bind to the BRD of CREBBP. The ligands contain three distinct

features: i) a KAc mimic that binds the KAc reading N1168; ii) a tetrahydroquinoline

(THQ) group that forms a cation-p interaction with R1173 and sits on the LPF shelf

(formed by residues L1109, P1110, F1111), an equivalent of the WPF shelf; iii) a

linker that joins these two groups.[50, 52] These have been highlighted in Figure 6.2.

Work by Dr M. Brand identified that 7-methoxy-THQ was the optimal p-donor

group, based on DFT studies of the the electrostatic surface potential.[245] These

groups can be seen in the ligands shown in Figure 6.2. The KAc mimic was attached

to the linker using an amide group, seen in 109. It was hypothesised that the

internal H-bond present in 109 (Figure 6.2) was broken upon binding to the proteins,

given the change in dihedral angles of the bound and unbound crystal structures.
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Figure 6.2: Ligands optimised for the CREBBP bromodomain. All ligands contain
three components: i) The optimised 7-methoxy-tetrahydroquinoline (THQ) group that
interacts with R1173 via a cation-p interaction; ii) a 4,5-dihydrobenzodiazepione group
that acts as the KAc mimic; iii) a linker between the two domains containing an amide or
amide bioisostere. Kd values were determined using Dr M. Schiedel and M. Morologu via
ITC. The KAc containing ring has been highlighted in red, the linker in black and the
cation-p forming THQ group is in blue.

Therefore, additional work was performed by Dr. J. Clayton to replace this group

with a bioisostere that did not have this hypothesised enthalpic binding penalty. This

led to two alkene isomers, (E)-110 and (Z)-110 and an alkyne, 111 (Figure 6.2).

The ITC data for both the CREBBP BRD and BRD4(1) showed varying degrees

of ligand selectivity for CREBBP over BRD4(1), all dependent on the linker used.

At the start of this project, only two crystal structures were available through

collaboration with Dr. P. Filippakopoulos (The Structural Genomics Consortium,

Oxford). The first was an unusual structure of two (E)-110 ligands binding two

CREBBP proteins, with each KAc bound ligand interacting with the R1173 of

the cognate protein (Figure 6.3A). An additional structure showed 109 bound to

CREBBP, forming the expected interactions of the THQ group with R1173 and the

KAc mimic bound in the BRD site and forming a H-bond with N1168 (Figure 6.3B).

The later work presented in this chapter aimed to confirm the binding modes
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Figure 6.3: Crystal structures of CREBBP binding (E)-110 and 109. (A) Dimeric
crystal structure of (E)-110 binding CREBBP, where ligands interact with both proteins.
(B) Crystal structure of 109 binding the CREBBP BRD, where the cation-p interaction
has been highlighted in green. Structures were produced through collaboration with P.
Filippakopoulos and ligands were synthesised by Dr J. Clayton and Dr M. Brand.

of (E)-110, (Z)-110 and 111 in CREBBP, as the crystallographic data were

either ambiguous or missing. Modelling was then employed to understand the

possible ligand binding modes of 109, (E)-110, (Z)-110 and 111 to BRD4(1)

and rationalise the di�erences in a�nity.

6.2 The role of intramolecular hydrogen bonds
on BRD4(1) binding a�nity of OXFBD02
derivatives

Substitution of the phenyl group of OXFBD02 (9) for a 2-pyridyl group, 108,

allows for an internal H-bond to be formed, which is not possible within the 3-

pyridyl analogue, 107, shown in Figure 6.4. 1H NMR studies have shown that

this H-bond is present in the solution state structure of 108.[231] Given the drop

in a�nity between the 2- and 3-pyridyl compounds, it was hypothesised that if

the intramolecular bond was retained upon binding it would place the pyridyl

group in an unfavourable orientation for interaction with the WPF shelf. To probe

this hypothesis, simulations were performed on both enantiomers of 107 and 108,

where initial ligand coordinates for the (R)- and (S)- enantiomers were taken from

PDBs 4J0R and 4J0S, respectively.[40]
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OXFBD02 derivatives

Figure 6.4: Torsions of protein bound 107 and 108. (A) (S)- 108 which held the
intramolecular H-bond. (B) (S)-107 which did not have an internal H-bond. (C) (R)-108
which has broken the intramolecular H-bond. (C) (R)-107. The torsion was determined
between the four atoms indicated in red during simulations in triplicate.

The torsions of the hydroxyl group to the 2-position are shown in Figure 6.4,

where the intramolecular H-bond would cause a torsional angle of 0 degrees. A

torsional angle of 0 degrees is needed for the (S)-enantiomer, while a torsional

angle of approximately 110 degrees is needed for the (R)-enantiomer to bind the

WPF shelf optimally. The plots also show that the phenyl groups are capable

of the occasional ring flip. The average dihedral angle of 0 degrees for (S)-108

shows that the intramolecular H-bond is retained upon binding, and so could act to

pre-organise the ligand prior to binding. This orientates the pyridyl nitrogen atom

towards the solvent and away from the hydrophobic WPF shelf, which is likely to

increase the ligand’s a�nity and is the orientation seen in the crystal structure

(Figure 6.1C). A similar e�ect is also seen with the I-BET151 (11) ligand (PDB ID:

3ZYU). However, in (R)-108 it is shown that the intramolecular H-bond would be

broken to interact optimally with the WPF shelf and allowing the nitrogen atom to
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point away from W81. This implies that there has either been an enthalpic penalty

to binding, caused by the need to overcome this H-bond, or that the intramolecular

bond is not broken and hence there is a sub-optimal interaction with the WPF

shelf. The comparably higher a�nity of 107 can be rationalised as the 3-pyridyl

compound does not su�er from these penalties.

6.3 Validation of a cation-p interaction guiding
CREBBP binding

Prior to this work, there were only two unpublished structures of the ligand series

bound to CREBBP (Figure 6.2) which are similar to structures seen of previous

CREBBP ligands.[50] The structure with 109 bound (unpublished - Figure 6.3)

shows the key interaction of the THQ group with R1173. However, the structure

of (E)-110 (unpublished) formed a dimeric complex, rather than the monomeric

complex expected. Is was hypothesised that this was an artefact and size exclusion

chromatography indicated that protein was purified as a monomeric structure

(work by Dr M. Schiedel). To identify whether (E)-110 was capable of forming

the monomeric binding pose seen in the 109 structure, a single monomeric unit’s

co-ordinates were isolated from the crystal structure, with (E)-110 interacting

via the KAc-binding pocket and N1168.

Figure 6.5A shows the ligand pose of (E)-110 in CREBBP when a monomeric

unit was isolated from the dimeric co-crystal structure along with a pose from

equilibrium MD simulations, showing that the expected binding pose was recovered.

This is also shown in Figure 6.5B, where the distance of the THQ aromatic ring to

P1110, part of the LPF shelf underneath the R1173 cationic residue was measured.

The simulations show that two of the three simulations settle with the THQ group

residing over P1110, at distances similar to that seen in the crystal structure of

109 bound to CREBBP. Note that selecting atoms that best represent the cation-p

interaction was di�cult and gave a poor representation of the binding events.
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Figure 6.5: Recovery of the electrostatic interaction with R1173 through MD simulations.
(A) The initial (white) and equilibrium (green) MD pose of E-110. (B) The distance
between P1110, the residue under R1173, and THQ group of (E)-110 drops close to
4.2 Å (yellow line) during equilibrium MD simulations. Simulations were carried out in
triplicate.

6.3.1 MD showed the cation-p interaction is stable for all
CREBBP ligands

Docking studies identified potential binding modes for (Z)-110 and 111 bound to

CREBBP. These poses, along with the equilibrium pose of (E)-110 all mirrored

the structure of 109 bound to CREBBP, shown in Figure 6.6A-D. It should also

be noted that two conformers of the 7-membered ring within the KAc mimic were

identified in the initial conformer search, however, all co-crystal structures show

only the higher energy ring conformer bound within CREBBP. These di�er from

the small molecule crystal structures identified by Dr J. Clayton, shown within

the Appendix (Figure D.1). The studies in this chapter therefore enforced the

co-crystallised ring conformer for docking and MD studies.

The docked poses underwent triplicate MD to ensure that the binding poses

were stable and the cation-p interaction was retained. During ligand parameter

assignment with the GAFF forcefield the amide nitrogen in the 7-membered ring was

manually modelled as sp3, despite being adjacent to an aromatic system.[159] This

observation was based on the small molecule crystal structures, which show a trigonal

bipyramidal nitrogen centre. These structures are shown in the appendix, Figure D.1.

The distance of the THQ group in each ligand to P1110 in MD simulations

is shown in Figure 6.6E-H. These graphs show that the THQ groups spend the
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Figure 6.6: CREBBP ligands interact with P1110. (A) The crystal structure of 109
bound to the CREBBP BRD. (B-D) Docked structures of (E)-110, (Z)-110 and 111
bound to the CREBBP BRD. Structures were subjected to 50 ns of MD simulation, in
triplicate. (E-H) Distances to the LPF shelf are shown in the kernel density estimate
(KDE) plots, where the distance is measured from the aromatic ring in the THQ group to
P1110.

majority of each simulation residing in contact with P1110. Where the distance

increases by around 3 Å this corresponds to the THQ aromatic system moving to an

alternative pose, where this group is located near L1109. The first replicate of the

simulation of (E)-110 binding CREBBP, Figure 6.6F, showed ligand dissociation

and hence this replicate can be ignored for analysis. 111 shows no movement

to L1109, while simulations of both weaker binders, 109 and (Z )-110, show this

movement away from P1110, and hence R1173, in two of the three replicas.

6.4 Alternative binding modes to BRD4(1) lead
to steric clashes

ITC data for ligands 109, (Z )-110, (E)-110 and 111 revealed surprising binding

data for BRD4(1). Both (E)-110 and 111 showing either no binding to BRD4(1).

Meanwhile, (Z )-110 and 109 showed weaker binding with Kd values of 1.4 µM and
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Figure 6.7: Interactions of 109 docked and crystallised in BRD4(1). Both the docked
and crystallised structures of 109 in BRD4(1) were subjected to MD simulations. The
distances (D1,D2) of the aromatic system in the THQ group were measured against the
edge of W81 and the centre of L92. These distances are shown as barcode plots for each of
the three simulation repeats. (A) Docked structure. (B) Crystallised structure, including
all crystallographic water molecules and W5 highlighted via a red circle.

3.0 µM, respectively. This shows the ligands hold di�ering degrees of selectivity to

CREBBP over BRD4(1), as shown in Figure 6.2. To understand the di�erences,

molecular docking was employed to predict the binding modes of the ligands.

Docking identified the THQ group residing in the ZA channel and forming a

hydrophobic interaction with L92, instead of on the WPF shelf in the equivalent

position to its binding mode in the CREBBP BRD.

Docking of 109 to BRD4(1) (Figure 6.7A), identified that the THQ could

reside in a shallow pocket adjacent to L92. MD simulations showed that the THQ

group was capable of forming a hydrophobic interaction with L92 or a side on p-p

interaction with W81, demonstrated by the mutually exclusive dark patches in the

barcode plots of D1 and D2 in Figure 6.7A, respectively. After the initial studies

were performed, a co-crystal structure of 109 bound to BRD4(1) was solved. This

showed the same interaction of the THQ group with L92. MD simulations of the

crystallographic structure showed that the THQ group resided closer to L92. This
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Figure 6.8: Water densities for 109 and 110. Snapshots (at 25 ns) from MD simulations
of (A) 109 crystallised, (B) (E)-110 docked and (C) (Z)-110 docked, with areas of
high water density shown as a red mesh. Crystallographic waters of BRD4(1) have been
included as transparent spheres, with water molecule W5 highlighted with a red ring.

is likely due to the initial rotamer of W81 in the simulations, which is more solvent

exposed and away from the THQ group in the crystal structure.

Docking of (E)-110 showed an identical ligand placement to 109. However, MD

simulations identified that the linker did not hold a stable orientation relative to the

KAc mimic, shown through the comparison of dihedral angles in Figure 6.9. Further

analysis of the MD simulations focused on the ZA channel waters. Figure 6.8A

shows areas of high water density during a simulation of 109, with the ZA channel

water positions remaining heavily occupied during the simulations and capable of

forming a H-bond with the linker amide carbonyl. When compared to the water

occupancy of (E)-110, Figure 6.8B, the ZA channel waters densities are absent

and show that waters have been displaced by the alkene proton.

Docking studies of 110 identified two poses, Figure 6.10A and B, where the

THQ ring could reside against either L92 or W81. Both poses were subjected to

MD studies, which showed that both placements of the THQ group allowed it to

form interactions with: i) L92; ii) W81; iii) P82, after moving over W81. These can

be observed as the mutually exclusive dark patches in Figure 6.10. Both of these

poses hold the ZA alkene bond perpendicular to the KAc mimic and hence do not

lead to displacement of the ZA channel water molecules (as shown in Figure 6.8C).

Despite mirroring the interactions with L92 during docking studies, 111 was

unable to sustain interactions with either L92 or W81 during simulation. The



162 6.5. Discussion

Figure 6.9: Dihedral angles within MBX01 and JCX03E during binding of BRD4(1).
The dihedral angles within (A) MBX01 and (B) JCX03E are shown in red on the structures
below.

instability of the ligand can be seen through its high ligand RMSD during simulations,

as shown in appendix Figure D.3.

6.5 Discussion

The work within this chapter has shown the importance of modelling within

medicinal chemistry projects. Especially where co-crystal structures cannot be

obtained, or contain artefacts. This chapter uses molecular docking, complimented

by molecular dynamics simulations, to increase our understanding of ligands that

bind to CREBBP and BRD4(1).

Firstly, these methods were employed to understand why there was a decrease in

a�nity for 108. This was not obvious from the crystal structures of OXFBD02 (9)

and (R)-107 and required a modelling approach. Using MD to study the systems

allowed for the optimal orientation of the pyridyl systems to be identified. Notably,
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Figure 6.10: Interactions of docked (E)-110 in BRD4(1) in MD simulations. Two poses
of (Z)-110 were predicted for BRD4(1) from molecular docking studies. (A) shows the
THQ group interacting with L92. (B) Shows a side-on p-p interaction between the THQ
group and W81. Both poses were subject to 50 ns simulations in triplicate. The barcode
plots show the movement of the THQ ring to interact with L92, W81 and P82 during the
simulations.

analysis showed that the H-bond is retained in the (S)-enantiomer of 108 and

could bind BRD4(1) without breaking an internal H-bond. The enthalpic penalty of

breaking the intramolecular bond to bind one enantiomer explains the low a�nity

of the racemic mixture. However, this also implied that there should be a large

di�erence in a�nity between enantiomers. Separation of enantiomers and testing

could confirm this hypothesis, where it would be predicted that (S)-108 would bind

with a high a�nity, given the pre-organisation of the intramolecular H-bond.

Similar in silico studies were important in elucidating the di�erences in binding

a�nity of 109, (Z )-110, (E)-110 and 111 to BRD4(1). (E)-110 is a non-binder and

therefore it was not possible to use co-crystallisation to understand the structural

features that prevented BRD4(1) binding. The work in Chapter 4 showed the

importance of the ZA channel waters upon binding, and led to a similar approach

within this work. This highlighted the importance of BRD4 binding of 109 and

(E)-110 on W5 within the ZA channel. This water molecule has been shown to
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be key for binding of 9, where the phenyl alcohol group binds via W5,[40] shown

in Figure 6.1B and C. Further validation could be achieved through performing

GCMC calculations on the ZA channel waters, as seen in § 4.3.

Finally, molecular dynamics was important in understanding the binding of

(E)-110 to CREBBP. Given the dimeric co-crystal structure, it was not possible

to determine if the cation-p interaction with R1173 was retained. Luckily, MD

studies showed that this interaction was restored, placing the THQ group on the

LPF shelf and forming a cation-p interaction with R1173.

6.6 Conclusions

The work presented in this chapter has highlighted the importance of key H-bonds

in binding BRD4(1). When investigating pyridyl derivatives of 9 through molecular

dynamics simulations, it was shown that the binding energy of (R)-108 would

be enthalpically impacted by the breaking of the intramolecular H-bond to bind

the WPF shelf. This intramolecular H-bond does not impact the (S)-enantiomer.

Enantioselective synthesis of 108 and ITC testing would confirm this model. The

absence of this intramolecular bond in the 3-pyridyl analogue retained the metabolic

benefits of having a pyridyl system whilst removing the intramolecular interaction.

Studies of a series of CREBBP ligands showed that H-bonds are also important

when binding BRD4(1), where the inability of the (E)-alkene to H-bond to the ZA

channel waters relative to the amide linker prevents binding. As a non-binder, this

observation would not have been possible without in silico models. Meanwhile, the

(Z )-alkene, 110, is still capable of binding to BRD4(1). This is possible by having

the alkene orthogonal to the KAc mimic and forming hydrophobic interactions

between the THQ group and the WPF shelf or L92. Hence, selectivity for CREBBP

over BRD4(1) is achieved through displacement or retention of the ZA channel

water molecules. Studies of these ligands in the CREBBP BRD showed that all bio-

isosteres of the amide linker are capable of placing the electrophilic THQ group on the

LPF shelf and in close proximity to R1173, likely leading to a cation-p interaction.



To succeed, jump as quickly at

opportunities as you do at conclusions.

— Benjamin Franklin

7
Summary

The work within this thesis looked at how in silico tools could be used to aid

ligand design prospectively in various medicinal chemistry projects. Within these

projects a lack of co-crystal structures, or sometimes even apo structures, made

understanding the SAR within each project di�cult. However, though a combination

of computational methods and iterative drug ligand design, the SAR could still

be explored. The models created and refined were key to identifying the highest

a�nity ligands known for the TRIM33b bromodomain, tool compounds within

parasite bromodomains and understanding how waters within BRD4(1) can impose

non-BET selectivity on CREBBP ligands.

Chapter 3 introduced four ligands that had previously been identified as

binders of the TRIM24/33 tandem PHD/BRD cassette. After re-synthesis and co-

crystallisation attempts on these ligands failed, a computational modelling approach

was adopted. Several potential binding sites were identified on the cassette: the

BRD binding site, the region inbetween the domains, the K4 binding site of the

PHD and the ‘underside’ of the experimental construct. Docking studies agreed with

orthogonal mutant assay data that the benzimidazolone containing ligand bound

in the BRD site. Two binding modes of this ligand were identified, both forming

a hydrogen bond between the benzylic amine and E981. The urea containing

ligands were identified as being capable of binding to the construct either on the

165
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‘underside’ of at the K4 binding region of the PHD, though further mutant studies

are needed to confirm these computational predictions. The studies were unable

to identify the binding regions of the fourth ligand.

The benzimidazolone ligand was further explored within Chapter 4. Within

the TRIM33b binding site, several key residues were identified as important for

ligand development. The most important is E981, which is adjacent to the ZA

channel. This residue o�ers both a means of selectivity and a�nity. A second

polar residue, E984, was a tempting target to obtain a second polar interaction.

However, extension of the benzylic amine with an additional amine did not show

a strong interaction with this residue. Free energy calculations on the ligand

poses showed that this extended vector favoured pointing towards the binding site.

Further free energy calculations on the ZA channel waters molecules identified one

stable molecule that would be displaced by E984 interacting with the introduced

amine. Instead the new amine group showed interactions to E981 with the benzylic

amine. This new vector, now containing two amine groups, gave an ambiguous

protonation state. However, MD studies showed that if both amines are charged

then the ligand binding can be unstable. Future studies should look to optimise

the interactions of this vector with E981.

With a lack of polar interactions, additional a�nity and selective had to come

from shape complimentary hydrophobic interactions in the TRIM33b binding site.

The hydrophobic region above the binding site, in the vicinity of I990, was shown

to be viable for forming hydrophobic interactions. Unfortunately, F1038 was

shown to form cap above the binding site, through a p-p interaction with Y993.

This residue means that building large bulk above the benzimidazone core, in

the vicinity of I990 comes at the expense of the binding site stability, which was

validated experimentally. This o�ers two positions on the benzimidazolone core

to functionalise. Future studies should focus on the 7-position, directly above the

benzimidalazone core. This position would still allow hydrophobic interactions but

not cause strain to F1038. Designing a range of hydrophobic groups at this position

and subsequent ABFE calculations would determine if this was a viable route.
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Developing ligands for parasite bromodomains was explored in Chapter 5,

as a putative target in tropical disease treatment. These studies focused on

bromodomains with Trapanasoma cruzi and Schistosoma mansoni, which at the

start of the studies had no apo or co-crystal structures. After generating stable

homology models and validating the water network is retained, docking studies of

human bromodomain ligands known to bind were performed. Studies of TcBDF3

focused on the ligand BI-2536, which MD studies showed had a low a�nity due to the

ligand being more solvent exposed relative to BRD4(1). The binding mode observed

from these studies were used to design tool several tool compounds that can be used

in future ligand testing. Through screening of amide containing analogues, it was

shown that additional a�nity and selectivity could be obtained from improved shape

complementarity to the ZA wall, and through hydrophobic or cation-p interactions

beyond the binding site. Future work should look at synthesis and testing of

these designs, to increase confidence in the model and remove BRD4(1) binding.

Homology models of SmBRD3(2) needed further refinement to achieve the induced

protein-ligand fit. However, these models showed that a hydrophobic shelf was

present and able to bind a sub-set of ligands designed for interaction with BRD4(1)’s

WPF shelf. Obtaining selectivity over BRD4(1) could be achieved by exploiting

the di�erences in hydrophobic shelf. Hence, the geometry of some ligands was not

compatible with the shelf positioned slightly closer to the –C helix. This model was

later validated by a co-crystal structure, as was the model of TcBDF5(1).

The final chapter looked at understanding the SAR of two sets of ligands. The

first were a set of analogues of OXFBD02, which replaced the phenyl ring with

pyridyl groups. Through MD studies, it was shown that the (S)-enantiomers of

these ligands kept the ring in the same plane as the hydroxyl group on the linker,

but the (R)-enantiomers were not. This would cause the disruption of an internal

hydrogen-bond in the 2-pyridyl analogue and hence caused a surprising reduction in

a�nity. The second set of ligands were designed to bind to the BRD of CREBBP.

MD studies were able to show that a cation-p interaction between the ligands

and R1173 was retained in analogues, despite a very curious co-crystal structure.
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Docking studies to BRD4(1), which were partially confirmed by a later co-crystal

structure, showed the ligands adopted di�erent binding modes in this BRD. This

new binding mode placed the linking group in the ZA channel. Further MD studies

showed that the (S)-alkene analogue of the original amide group disrupted the

water network within the ZA channel while the amide was able to interact with it

via the carbonyl. This di�erence allows the alkene to be selective over BRD4(1).

Overall, application of computational methods have allowed SAR models to be

generated and guided important synthetic decisions. The models will continue to

be important in continuing to optimise ligands in TRIM33, parasite bromodomains,

CREBBP and BRD4(1), especially in the absence of co-crystal structures. Interest-

ingly, within all the chapters, it has been shown that the ZA channel water molecules

are important factors in bromodomain ligand design. These waters, which have

been shown to be stable or displaceable depending on the protein, are often omitted

from discussions on bromodomain structure. However, it is clear that further work

is needed to map out the di�erent waters and their potential role in ligand binding.
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Appendix for Chapter 3

Table A.1: AlphaScreen™ H3 peptide a�nities for TRIM proteins. Peptide a�nities
were determined using ITC, performed by Dr L. See.[204] These di�ering a�nities of the
peptides means IC50 values from AlphaScreen™ assays are not comparable.

H3(PHD) H3(BRD) H3(Dual)

TRIM24

N 0.892 0.640 0.647
KD 3.90 µM 695 nM 309 nM

DH (kcal/mol) ≠5.51 ≠10.8 ≠14.7
DG (kcal/mol) ≠7.38 ≠8.40 ≠8.88
TDS (kcal/mol) ≠1.87 2.44 5.77

TRIM33a

N 0.496 0.158 0.598
KD 9.46 µM 54.7 µM 5.58 µM

DH (kcal/mol) ≠2.94 ≠80 ≠8.80
DG (kcal/mol) ≠6.85 ≠5.82 ≠7.17
TDS (kcal/mol) ≠3.91 74.2 1.63

TRIM33b

N 0.547 0.411 0.449
KD 9.25 µM 4.92 µM 1.11 µM

DH (kcal/mol) ≠3.65 ≠10.5 ≠10.5
DG (kcal/mol) ≠6.87 ≠7.24 ≠8.12
TDS (kcal/mol) ≠3.22 3.22 2.41
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Table A.2: The table below summarises all the structural information on the relevent
TRIM proteins, correct March 2018. The structure of TRIM33b was donated by Stefan
Knapp and is not yet avaliable on the PDB. All structures are determined through X-Ray
crystallography, with all TRIM33a structures containing an unresolved BC loop.

Protein PDB ID Description Resolution (Å)
TRIM24 3O33 apo 2.0

3O34 H3K23Ac 1.9
3O35 H3K27ac 1.76
3O36 H3K16Ac 1.7
3O37 H3K4 2.0
4YAB Holo structure 1.9
4YAD Holo structure 1.73
4YAT Holo structure 2.18
4YAX Holo structure 2.25
4YBM Holo structure 1.46
4YBS Holo structure 1.83
4YBT Holo structure 1.82
4YC9 Holo structure 1.82
4ZQL Holo structure 1.79
5H1T Holo structure 1.95
5H1U Holo structure 1.90
5H1V Holo structure 2.00

TRIM33a 3U5M apo 3.08
3U5N H3K9me3K14ac 1.95
3U5O H3K9me3K14acK18ac 2.70
3U5P H3K9me3K14acK18acK23ac 2.80

TRIM33b 5MR8 H3K9me3 1.74



A. Appendix for Chapter 3 173

A.1 TRIM24/33 sequences aligned

Sequences of TRIM24/33 recombinant proteins were aligned using ClustalOmega.[246]

TRIM24 MHHHHHHSSGVDLGTENLYFQSPNEDWCAVCQNGGELLCCEKCPK 846
TRIM33a MHHHHHHSSGVDLGTENLYFQS..MDWCAVCQNGGDLLCCEKCPK 907
TRIM33b MHHHHHHSSGVDLGTENLYFQS..MDWCAVCQNGGDLLCCEKCPK 907

TRIM24 VFHLSCHVPTLTNFPSGEWICTFCRDLSKPEVEYDCDAPSHNSEK 891
TRIM33a VFHLTCHVPTLLSFPSGDWICTFCRDIGKPEVEYDCDNLQHSKKG 952
TRIM33b VFHLTCHVPTLLSFPSGDWICTFCRDIGKPEVEYDCDNLQHSKKG 952

TRIM24 KKTEGLVKLTPIDKRKCERLLLFLYCHEMSLAFQDPVPLTVPDYY 936
TRIM33a KTAQG...LSPVDQRKCERLLLYLYCHELSIEFQEPVPASIPNYY 994
TRIM33b KTAQG...LSPVDQRKCERLLLYLYCHELSIEFQEPVPASIPNYY 994

TRIM24 KIIKNPMDLSTIKKRLQEDY.SMYSKPEDFVADFRLIFQNCAEFN 980
TRIM33a KIIKKPMDLSTVKKKLQKKHSQHYQIPDDFVADVRLIFKNCERFN 1039
TRIM33b KIIKKPMDLSTVKKKLQKKHSQHYQIPDDFVADVRLIFKNCERFN 1039

TRIM24 E.................PDSEVANAGIKLENYFEELLKNLYPE. 1007
TRIM33a EMMKVVQVYADTQEINLKADSEVAQAGKAVALYFEDKLTEIYSDR 1084
TRIM33b E.................ADSEVAQAGKAVALYFEDKLTEIYSDR 1067

TRIM24 ........................................... 1007
TRIM33a TFAPLPEFEQEEDDGEVTEDSDEDFIQPRRKRLKSDERPVHIK 1127
TRIM33b TFAPLPEFEQEEDDGEVTEDSDEDFIQPRRKRLKSDERPVHIK 1110

X acidic (≠)
X aliphatic
X aliphatic (small)
X amide
X aromatic
X basic (+)
X hydroxyl
X imino
X sulfur
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A.2 Docking parameters

Table A.3: Grid parameters used for AutoDock4. Grid spacing was 0.375 Å.

Protein Region x, y, z spacings x, y, z co-ordinates
TRIM24 BRD 50, 50, 40 39.032, 36.136, -13.331
TRIM24 Cleft 50, 56, 50 48.267, 20.946, -16.445
TRIM24 K4 50, 56, 50 43.234, 1.887, -16.084
TRIM33a BRD 50, 50, 38 39.098, 38.535, -12.352
TRIM33a Cleft 56, 50, 48 45.855, 22.909, -13.765
TRIM33a K4 56, 50, 50 44.266, 3.238, -16.097
TRIM33b BRD 50, 50, 40 39.032, 36.136, -13.331
TRIM33b Cleft 50, 56, 50 48.267, 20.946, -16.445
TRIM33b K4 50, 56, 50 43.234, 1.887, -16.084

Table A.4: Grid parameters used for blind docking with AutoDock4. Grid spacing was
1 Åfor both programmes.

Protein x, y, z spacings x, y, z co-ordinates
TRIM24 58 36 50 -3.832 -22.955 18.065
TRIM33a 58 36 50 -3.832 -22.955 18.065
TRIM33b 58 46 50 -3.832 -18.895 18.065
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A.3 Full docking results

Figure A.1: Results of docking compound 27 against TRIM33b
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Figure A.2: MD studies on docked poses of 27 bound to TRIM33.
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Figure A.3: Results of docking compound 28 against TRIM33b
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Figure A.4: MD studies on docked poses of 28 bound to TRIM33
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Figure A.5: Results of docking compound 28 against TRIM33b
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Figure A.6: MD studies on docked poses of 26 bound to TRIM33
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B.1 GPU accelerated ABFE investigations

This section briefly overviews several observations from investigaing the use of

GPU accelerated ABFE calculations on bromosporine (19) in BRD4(1). This

experiment used the same co-ordinates and ligand topology used by Aldeghi et al.

in 2016 [58], but the made alterations to the MD parameters described in Chapter

2. These alterations also included removal of the dummy atom co-ordinates by used

by Aldeghi et al. These dummy atoms have no charge or mass, and represented

the final ‘annihilated’ ligand. The requirement to convert to dummy atoms was

made redundant in later versions of GROMACS, which allowed a direct removal

of the ligand to the gas phase. Comparison of the energy terms between the

GPU accelerated protocol an the protocol by Aldeghi et al. highlighted di�erences

in the energies calculated from total ligand annihilation/recoupling compared to

181
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Figure B.1: Energetic breakdown of ABFE calculations of bromosporine binding
BRD4(1). ABFE calculations were analysed discarding a an initial equilibration period of
1-4 ns.

conversion to dummy atoms.[176] Although it was not possible to fully investigate

this observation for this thesis, a quick summary of the observations is shown below.

The calculated values given with this protocol di�er from those shown by Aldeghi

et al., who predicted an a�nity of ≠11.3 ± 0.3 kcal/mol.[58] The initial concern

was that the magnitude of the value was greater than those predicted, hence the

components of the thermodynamic cycle was investigated. Aldeghi et al. reported a

ligand ‘desolvation’ energy (�Gsolv) value of 167.545±0.227 kcal/mol and a complex

re-coupling value (�Gprot) of ≠185.162 ± 0.114 kcal/mol.[58] These di�er from the

values predicted using the revised method presented, where of the terms for compar-

ison gives �Gsolv = 22.81 ± 0.035 kcal/mol and �Gprot = ≠43.49 ± 1.238 kcal/mol.

To test if the breakdown of the calculations into individual components (from

two to five) was responsible, the ligand energy contribution (�Gsolv) were recal-

culated in one single set of MD simulations. This new simulation set underwent

subsequent mBAR calculations. The values obtained agreed within error, showing
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the breakdown of calculations was not responsible. Hence, the di�erence is likely

due to the change from conversion to dummy atoms to complete annihilation in the

new procedure. Future work should look at running the GROMACS 2019 protocol

with dummy atoms for comparison, as well as running a calculation for taking

non-interacting dummy atoms to totally annihilated atoms.

In addition, the error calculated was larger than that reported by Aldeghi et al.

and stems from the Coulombic set of simulations of the complex, where the errors

arising from di�erences between replicas is large. A rigorous analysis of the cause

of the errors is beyond the scope of this thesis, but adopting an increase in the

number of replicas could add confidence to the results obtained. The decomposition

of the calculations also allows for the Coulombic simulations to be run for longer,

and could allow for improved convergence.

B.2 ABFE data breakdown

Table B.1: Breakdown of non-GPU accelerated ABFE calculations performed. All
components are shown in units of kcal/mol, with all uncertainties being one standard-
deviation.

Ligand DGsolv
elec+V dW DGsolv

restr DGprot
elec+V dW +restr DDGcorr. DGT otal

41 (up) 54.91 ± 0.03 7.05 ≠66.58 ± 0.06 ≠0.49
54.94 ± 0.04 7.05 ≠67.43 ± 0.07 ≠0.51 ≠4.65 ± 0.47
54.85 ± 0.03 7.05 ≠67.32 ± 0.06 ≠0.50

41(down) 54.91 ± 0.03 7.06 ≠67.98 ± 0.06 ≠0.53
54.94 ± 0.04 7.06 ≠66.67 ± 0.05 ≠0.50 ≠4.93 ± 0.67
54.85 ± 0.03 7.06 ≠67.51 ± 0.07 ≠0.49

45(up) 44.68 ± 0.11 6.87 ≠56.16 ± 0.10 ≠0.52
45.58 ± 0.12 6.87 ≠56.48 ± 0.07 ≠0.47 ≠4.93 ± 1.68
45.22 ± 0.03 6.87 ≠59.35 ± 0.06 ≠0.43

45(down) 44.68 ± 0.11 6.97 ≠60.42 ± 0.09 ≠0.44
45.58 ± 0.12 6.97 ≠60.60 ± 0.11 ≠0.47 7.90 ± 0.62
45.22 ± 0.03 6.97 ≠60.97 ± 0.09 ≠0.47
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Figure B.2: Energetic breakdown of ABFE calculations of 57 binding TRIM33b.

Figure B.3: Energetic breakdown of ABFE calculations of 65 binding TRIM33b.
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Figure B.4: RMSD plots of ChEMBL analogues of 41, from triplicate MD simulations.
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Figure C.1: Homology models of parasite bromdomains: (A) SmBRD3(2), (B) TcBDF2,
(C) TcBDF3 and (D) TcBDF5(1)

Figure C.2: Distances of the BI-2536/BI-6727 (20/21) core carbonyl to the binding
site Asn residue.
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Figure C.3: Anisole torsions of 20 in di�ering proteins. The torsions, shown in red, have
been measured during MD simulations bound to HmBRD4(1), TbBRD3 and TcBDF3.

Figure C.4: ITC results of 94 binding TcBDF3. ITC was performed by C. Laurin.
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Figure C.5: RMSD of ligand atoms in OXFBD02 (9) to TcBDF5(1)

Figure C.6: MD and MM-PBSA experiments performed on PLK1 binding 20 and its
analogues. 20 and analogues removing vital hinge binding motifs were subject to MD
simulations in triplicate by A. Boczek. The plots show the distance of the ligands from
C133, a residue at the base of the PLK1 binding site. MM-PBSA calculations of these
simulations showed positive DDG predictions, shown within the respective plots.
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C.1 Alignments for homology modelling
TcBDF2

TcBDF2 MHHHHHHSSGVDLGTENLYFQSMGKRGREGTLDKPRCLAF 50
TbBDF2:5CZG .....................GMSKNERDTSFNKNGCLVF 18

TcBDF2 VHQLWDKDKLKMFHHPISAAELPDYHKVINYPVDLSTIRQ 90
TbBDF2:5CZG VSRLWDLDKLGMFHHPVSAEELPDYHTVIKRPVDLSSIRD 58

TcBDF2 GIESGKYDSDADVQNAVAQMIANALEYNAKGTEWHQQALS 130
TbBDF2:5CZG GIEKGTYATDVDVQNDVARMITNALEYNAKGSTWYQEAMS 98

TcBDF2 FRNIYLDVARQCGLS. 145
TbBDF2:5CZG FRKTYLDLARQSGLVV 114

TcBDF3

TcBDF3 MHHHHHHSSGVDLGTENLYFQSMGSTGRKAVDEINHWIAY 30
Tb(427):5C8G ........................................ -1

TcBDF3 IDCALSHPHPLPKGKHVFRSDLSTVPEVRDIYDCLYKLYA 70
Tb(427):5C8G ......HPLPLPKNKHVFHSDQRLAPEIRDLYDCLYKLYA 33

TcBDF3 EESASASFREPVNALELGVFNYYEVVTEPMSLRTVLDRIA 110
Tb(427):5C8G EESASEYFREPVDALRVGAWNYYSVITEPMSLRTVLDYIV 73

TcBDF3 EGGHYSQASQVLADVEKIWSNCEKYNGADSALVKEAKKCQ 150
Tb(427):5C8G QGGRYSHVEQIMNDVELIWKNCERYNGAESHLAADARRCR 113

TcBDF3 GILTRLRERL............ 160
Tb(427):5C8G AILEKHRERLADEQTAPAAEVD 135

TcBDF5(1)

TcBDF5(1) MHHHHHHSSGVDLGTENLYFQSMEERRQKFYPEEELVALV 18
LpBPK1:5TCM ...........................FQGYNEADVAALV 14



192 C.2. Protein sequences

TcBDF5(1) RSLDRPQDEGLFSMDVLVVYPHLEQEYTRVCPKRCDLATA 58
LpBPK1:5TCM RSLDRAEDHHIFAVDVLETYPYLAESYTKVCPRRCDLATA 54

TcBDF5(1) AEKAANEAYSYDVNLTALREDIKLMVNNCYRFNGTKGPLA 98
LpBPK1:5TCM AQKALEGAYSYDLRLEGLKADIALMASNCVAYNGPTSAYA 94

TcBDF5(1) NIAERFEAFAKEQIDAYVTK.. 118
LpBPK1:5TCM ETAAKFERYALEQIDAFVLEHN 116

SmBRD3(2)

SmBRD3(2) RLSEALKACSNILKDISSQRYRDLNHFFLKPVDVVALGLH 294
HmBRD4(2):4Z93 KVSEQLKCCSGILKEMFAKKHAAYAWPFYKPVDVEALGLH 388

SmBRD3(2) DYYDVVKKAMDLSTIKTKLESGQYHTKYDFADDVRLMFNN 334
HmBRD4(2):4Z93 DYCDIIKHPMDMSTIKSKLEAREYRDAQEFGADVRLMFSN 428

SmBRD3(2) CYKYNGEDSEVARVGKQLQAIFDENFAKVPDD 366
HmBRD4(2):4Z93 CYKYNPPDHEVVAMARKLQDVFEMRFAKMPDE 460

X acidic (≠)
X aliphatic
X aliphatic (small)
X amide
X aromatic
X basic (+)
X hydroxyl
X imino
X sulfur

C.2 Protein sequences
TcBDF2 - GeneBank ID: XP_803713.1

TcBDF2 MGKRGREGTLDKPRCLAFVHQLWDKDKLKMFHHPISAAELPDYHK 45

TcBDF2 VINYPVDLSTIRQGIESGKYDSDADVQNAVAQMIANALEYNAKGT 90
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TcBDF2 EWHQQALSFRNIYLDVARQCGLSVDDDAAYIPSAAFKDDESTLRK 135

TcBDF2 AEKKIAENLDVVLKDLEEEKAVPLEELKAKYKRAKKKKGGKNADG 180

TcBDF2 SDSDDSDDSDDSDESEESEESDEIADDSDDDSDDDSDDSDDSDEE 225

TcBDF2 KFYYDDESDDE 236

TcBDF3 - GeneBank ID: XP_812334.1

TcBDF3 MGSTGRKAVDEINHWIAYIDCALSHPHPLPKGKHVFRSDLSTVPE 45

TcBDF3 VRDIYDCLYKLYAEESASASFREPVNALELGVFNYYEVVTEPMSL 90

TcBDF3 RTVLDRIAEGGHYSQASQVLADVEKIWSNCEKYNGADSALVKEAK 135

TcBDF3 KCQGILTRLRERLAEEQPAPNAELDKIISAFESADESVLGELEAY 180

TcBDF3 FRREDPSLIISNGDVDLTALRVKHLKAMKAILERAMNGGGGRG 223

TcBDF5(1) - GeneBank ID: XP_818752.1

TcBDF5(1/2) MEERRQKFYPEEELVALVRSLDRPQDEGLFSMDVLVVYPH 40

TcBDF5(1/2) LEQEYTRVCPKRCDLATAAEKAANEAYSYDVNLTALREDI 80

TcBDF5(1/2) KLMVNNCYRFNGTKGPLANIAERFEAFAKEQIDAYVTKKA 120

TcBDF5(1/2) GGRRLSSLRLSAVTATAAETSRGKRQRVESKDTSGVHGSQ 160

TcBDF5(1/2) KPQPHRGGDKSRSGEMDGLSATSAEMVRLVDSLNRREDQG 200

TcBDF5(1/2) AFAVDVAEKYPELKKSYEEVCPVKMNLTILRERAASGYYL 240
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TcBDF5(1/2) GIPQPTTTSKNPEPQTQSKRRQLLASDASPSSVFGSTTAE 280

TcBDF5(1/2) SLVLLRNDVELMVSNCVRFNSNVQSWVELARSFQSFAHKK 320

TcBDF5(1/2) IDDFVIRHVPALKGTKSGVDAYVTGEKQQSQQQLLSQASK 360

TcBDF5(1/2) SQQLHFTSTQDDEQMVTSTHSFASPSFSLLSTATATTYAM 400

TcBDF5(1/2) KGRAAEAASPPLRAPAVTVANYITPTIVPTALQPVFATPD 440

TcBDF5(1/2) ALRRRLVSDHLHRETLRARLIRSSTRSHNDKGDNKNTINN 480

TcBDF5(1/2) GTNNNKEEEEGKEEEEEEDGADKKEEKNSVQHTYNSAFSC 520

TcBDF5(1/2) RAVLCAFAASVREFYRLKRECQNFVNPFEYPRQEEQLYMD 560

TcBDF5(1/2) CIVLIEQQFERLFLHTLLYDKEKADFYDWNAEKAVRKIVG 600

TcBDF5(1/2) SSEVTSLKEKDHEGFLCGFGSSWLDDAHLCYLVRFLQHLP 640

TcBDF5(1/2) QLMGLACATTVHLTGTELKDARPALQITEVAKGVIEKLAR 680

TcBDF5(1/2) ITEELLTFIAQYEQEAMNMESHAEIGKEVS 710

SmBRD3(2) - GeneBank ID: CCD76183.1

SmBRD3(1/2) MILANAMSSEANLDSSNSIKSEPHAAKSHSSKITTNQLEY 40

SmBRD3(1/2) IKKEVVGRLFKEKIVWPFTKPVDHQRLNLPDYPKIIKHPM 80

SmBRD3(1/2) DLGTIKQRLNLKFYHSSSECLDDLFTMFRNCYIFNKPGDD 120

SmBRD3(1/2) VVAMAMKLEQIARERLKFMPTPETEICPQKTPKSIRPIGA 160
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SmBRD3(1/2) PLQVHPPIEPIHTAASTNHTEGLNGSAVSVDQTTLPFRPS 200

SmBRD3(1/2) VTSTSTKKASKKKSDSTIDELPSTPQSYDDLSRDRRQIKK 240

SmBRD3(1/2) PKREYEERNVGKRLRLSEALKACSNILKDISSQRYRDLNH 280

SmBRD3(1/2) FFLKPVDVVALGLHDYYDVVKKAMDLSTIKTKLESGQYHT 320

SmBRD3(1/2) KYDFADDVRLMFNNCYKYNGEDSEVARVGKQLQAIFDENF 360

SmBRD3(1/2) AKVPDDESDPAASPDGRPVDQNMYQLIQNAIKEHQKLTNQ 400

SmBRD3(1/2) FQRFSEDLQKSTANLNSILSSLSMAVRKAPIGHNTPHINS 440

SmBRD3(1/2) LPPTQTGLPTVPRPTMNDIEDVNITKRGRQSQSKTKYRQS 480

SmBRD3(1/2) GLSAAAPVLNAPCAPVSSSTVNMSSTHSQPIPVPGYATDE 520

SmBRD3(1/2) EMSENNVRPMTYDEKRQLSLDINKLPGEKLGRVVQIIQQR 560

SmBRD3(1/2) EPSHRDCNPDEIEIDFETLQHTTLRELEKYVKSVLQKTKS 600

SmBRD3(1/2) GSRKYVKKGLSGVPPGKTREECMKEKTEELENRLREIGGL 640

SmBRD3(1/2) PQGAPGYHNAHNPKKSHGTNRLSASSSSSSDSESTSDSSE 680

SmBRD3(1/2) SDSSDSKSYSES 692
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Figure D.1: Small molecule crystal structures of (E)-110, 111 & 109. Determined by
Dr M. Brand and M. Morologu.
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Figure D.2: RMSD of CREBBP ligands. (A) The crystal structure of 109 bound to
the CREBBP BRD. (B-D) Docked structures of (E)-110, (Z)-110 and 111 bound to the
CREBBP BRD. Structures were subject to 50 ns of MD simulation, in triplicate. (E-H)
RMSD values of the ligands are shown as KDE plots.

Figure D.3: RMSD of 111 docked in BRD4(1). (A) The docked pose of 111 in BRD4(1).
(B) The RMSD values of the ligand throughout the simulations are shown as a KDE plot.



The first kind of intellectual and artistic personality

belongs to the hedgehogs, the second to the foxes . . .

— Sir Isaiah Berlin
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