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0.2. Abstract

Aberrant proteirprotein interactions (PPIs) are found in many disease states. Consequently,
there is a need for PPI inhibitors for use as research tools and pharmaceutical lead compounds.
Computational methods could greatly assist withsierch for new PPIs.

Oligobenzamides are novel PPI inhibitors which can theoretically be produced to display any
sequence of side chains. Understanding the nature of oligobenzamide binding is important for
identification of the most efficient strategy akglicting oligobenzamide PPIs.

The prediction of oligobenzamide affinities using thermodynamic integration and implicit

solvent methods is described. Affinities of oligobenzamides for Mdm2 predicted using implicit
solvent methods bore a moderate correfatiith measured affinities. Examination of MM

PBSA results using analysis of variance revealed that it is not necessary to run simulations with
every member of a large combinatorial library in order to predict their relative affinities because
within a paticular binding site, the degree of interaction between the side chains is small.
However, it could be useful to separate molecules based on their predicted binding pose because
oligobenzamides can bind to Mdm2 in many different ways, depending on tlce ofiside

chains. This insight will be valuable for future attempts to predict oligobenzamide affinities.

The'H-">N HSQC NMR spectrum peaks GN-labelled Mdm2 L33E were assigned to
facilitate the future validation of binding poses. An oligoamide wag/gslusing NMR to bind
in the correct place. However, NMR testing revealed that oligobenzamides can aggregate in

agueous solution despite being soluble.

A novel FRETFbased method was also developed which can be used to test potential inhibitors
with a low ®lubility and high absorbance during their development. It was adapted for a
microwell plate to facilitate future high throughput screening and an assay involving-Cherry
labelled Mdm2 was tested which could be developed inin givoassay in the future.
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1. Introduction

1.1. Motivation

The aim of this project was to investigate whether computational methods could be used to
predict the affinity obligobenzamide inhibitors for the p53 binding site of Mdm2 and to
develop practical methods which could be used to evaluate computational predictions. This
section outlines some of the key reasons for studying pfptetrin interactions, in particular

the p53Mdm2 interaction and the motivation for doing so using computational methods.

1.1.1. PROTEIN-PROTEIN INTERACTIONS AND THEIR INHIBITION

Proteinprotein interactions (PPIs) are ubiquitous in nature at the intercellular, intracellular and
subcellular levels. Control systems and signalling pathways frequently depend on these
interactions and aberrant PPIs have been implicated in many digéasssquently, the search

for molecules which can influence these interactions has in recent years become a key focus of
research. Inhibitors of protejprotein interactions are in particular demand due to their potential

to be developed into new reseatahbls and pharmaceuticals.

1.1.2. HELIX MIMETICS

McMillan et al! report the allosteric inhibition of nitric oxide synthase dimerisation by a 480

Da pyrimidineimidazole derivative. It binds to the haem group at the active site and causes a
conformational change which is propagated through the enzyme to thé tharpeootein

responsible for dimerisation. However, allosteric inhibition is unusual; PPI inhibitors are usually

competitive inhibitors which bind to the interacting interface of one of the proteins.

Leunget al? describe the selective inhibition of lactate dehydrogenase dimerisation and citrate
synthag dimerisation by cyclodextrin dimers, which bind at multiple sites on the interface.
However, typically inhibitors bind in a single place to one of the proteins, mimicking an

interacting element of secondary structure in the other.



Smithet al2, produced a betsheet proteomimetic to block the active site of HIyrotease

and Burgessdescribes the development of baten mimetics which bind to transmembrane
receptor TrkA, inhibiting its interaction with dimeric nerve growth factor. However, there is
most interest in inhibitors of PPIs involving an alpha helix. In 2009,idoahd Arora

analysed PPIs in the PDB, iéying ones which involved an alpha helix. In their analysis, of

the 8678 PDB structures containing more than one molecule, most (7066) featured-an alpha
helical proteinprotein interface. Furthermore, Keskihal® report how alpha helices appear to

be particularly prevalent at shared binding sites, something they attribute to the ability of alpha
helices tdform a wide variety of different interactions. Consequently, many PPI interfaces of
considerable scientific interest involving hubs where information is consolidated from many

different sources might involve alplmeelix-mediated binding.

In addition to bang an important, ubiquitous target, PPIs involving a helix are also tractable
because it often not necessary to mimic the entire helix to block the interaction; a small
molecule can be effective if it mimics just the key side chains, as will now be skscus

1.1.3. SMALL MOLECULE INHIB ITORS

Most of the PPI inhibitors licensed for clinical use are monoclonal antibodies which have been
"humanized" to prevent them from triggering immune respdnblesvever, the use of

antibodies has several drawbacks. Firstly, in therapeutic use, antibodies must be injected, to
avoid proteolysis following oral administration. Secondigcause they cannot enter cells, they
can only be used against extracellular tafg&imally, monoclonal antibodies are expensive to

produce.

A PPl involving an alpha helix can sometimedriebited using a peptide comprising an

interacting part of one of the proteins invol¥&coweverjn vivo, many peptides are

susceptible to proteolysis making them unsuitable for medic¥l #sethermore, peptides with
fewer than 15 residues do not generally have a stable secondary structure when free in
solutiort’. However, tlere are stable peptide analogues referred to as foldamers which cannot be

broken down by proteased hese include:

1 "Retroinverso peptides”, synthetic peptides composed-afiino acids in which the
sequence is the reverse of that to be mimicked, to account for the changed handedness.
Their dextrorotatory @enfiguration makes these compounds less susceptible to
proteolysis.
Peptoids, in which side chains are attached to the backbone nitrogen atoms.
bpepti des, where each backbone amino grou

Ucarbon, as in naturallyccurring amino acids.



9 Stapled peptides, helical peptides in which a covalent linkage connects twiatooal
amino acids, holding the peptide in a conformation where the amide linkages are
inaccessible to proteasés

1 Other natural structures. For example, the-pEBn2 interaction inhibitors of Fasat

al.”*'*are stable betharpins (cyclic peptides) which act as alphalix mimetics.

In addition to foldamers, small molecule inhibitors are also amongst the compounds under
investigation as possible PPI inhibitors.

Although proteirprotein interfaces typically have a surface a&a5 to 30 nrfy a few key

residues, usually at the centre of the interface, are responsible for most of the free energy
released during binding While peptide analogues mimic the whole of a peptide, small

molecule inhibitors imitate only these important side chains using mimicking groups held in the
correctposition relative to each other by a rigid scaffold. The inflexibility of the scaffold

increases the specificity of the molecule for the target binding site and the prearrangement of the

groups potentially makes binding more entropically favourable.

Smallmolecule peptidomimetics have several key advantages for development as
pharmaceutical agents. Their small size makes them potentially cheaper to manufacture,
increases their bioavailabiliyy meaning that they can be taken orally, and makes it easier to
modify them to facilitate their entry into the target céll€€onsequently, the focus of this
project was the development of small molecule PPl inhibitors.

1.1.4. THE SIGNIFICANCE OF P53

p53 is one of a family of tumour suppses proteins, so called due to their ability to suppress
uncontrolled cell division, instead allowing cells division only when appropriate. In response to
different cellular signals, it can trigger either temporary arrest of the cell cycle (quiescence),
permanent arrest (senescence) or controlled cell death (apoptosis). Its involvement in the control
of cell division and apoptosis makes it the focus of a significant amount of research into

potential new cancer treatments.

p53 controls the G1/S checkpoinheoof the two main points of regulation in the eukaryotic cell
cycle and the more important of the two in higher organisms such as humans. The four main
stages of the cell cycle are the gap 1 (G1) phase, the DNA synthesis (S) phase, the gap 2 (G2)
phase ad the mitotic (M) phasé. The G1/S checkpoint controls progression from the G1 to the
S phase. Passing the checkpoint requires cgependent kinase complexes to be active, cyclin
D-cdk4, cyclin D-cdk6 and cyclin Eedk2'®. p53 stops the cycle primarily by inducing

expression of p21 (cyclidependent kinase inhibitor 1A). p21 binds to and inactivates eyclin
dependent kinasEsand also binds to proliferating cell nuclear antigen (PCNA), which is

required forDNA polymerisation at the start of the S pHise



The regulatory activities of p53 depend upon its ability to foramy proteirprotein

interactions, all of which have the potential for study. Some parts of the molecule, the first
transactivation domain for instance, bind to key protein kinases, which phosphorylate p53,
activating it, when DNA damage is detected. Eeelude ATM (ataxia telangiectasia
mutated) protein and ATRa{axia telangiectasia and Radated proteihwhich both
phosphorylate p53 on Seft5Another protein, homeodomainteracting protein kinase 2
(HIPK?2), phosphorylates p53 on Sefa®hosphorylation on Ser37 and Ser4®B8 is thought
to affect its affinity for DNA***preventing it from inducing p21 expression. Phosphorylation
of Serl5 las a less direct effect; it reduces the affinity of p53 for murine double minute protein
2 (Mdm2)*, an E3 ubiquitirprotein ligase which controls p53 activit9ne reason for
investigating p53 is the density of overlapping binding sites which mean that amonbflmne

of these interactions could potentially be adapted to block another interaction involving the

same part of p53.

1.1.5. THE INTERACTION OF P 53 WITH MDM2

In normal cells, Mdm2 binds to p53, causing it to become inactive. In cells with damaged DNA

or other stresses, the pB8Im2 complexes dissociate and active p53 triggers quiescence,
senescence or apoptdsisn roughly 7% of all human tumours there is overexpression of

MdmZ2°. This inhibits p53 activity so it fails to induce apoptosis or cell cycle arrest despite there
being damage. Where | ow p53 activity in a ca
themdm?2gene (leading to Mdm2 overexpression) rather than a mutation in the gene for p53

itself, an effective treatment could be to inhibit the-p&Bn2 interaction.

1.1.6. THE POTENTIAL OF COM PUTATIONAL METHODS

Using highthroughput screening to find protgimotein irteraction inhibitors is expensive
because it requires robotic machinery and it can be time consuming. The synthesis of
compounds for screening can use large amounts of material and energy. It creates chemical
waste and some methods involve potential hazéragilico methods are safer, often quicker

and potentially cheaper. They can narrow down the number of compounds which need to be
made for testing, reducing the cost of pharmaceutical development and making screening

accessible to the academic community

Despite their advantages, computational methods involve experimentation with a model rather
than the real system so, to realise these benefits, research is required to identify which methods

reproduce experimental results and which do not.



1.2. The p53-Mdm2 Interaction

Mdm2 binds to an alpha helix of p53 near to itseNminal end. Using phage display, Bottger

et al?®

identified three residues within this region, Phel19, Trp23 and Leu26 as key "hot spots"
for Mdm2 binding, residues which contribute significantly to the binding energy. Binding of
Mdm2 to p53 directly prevents p53 from acting as a transcription faztoses p53 to be

exported from the nucleus and permits polyubiquitination of p53 by Mdmz2, thereby targeting
p53 for degradation by the proteasSnps3 induces expression of Mdm2 leading to negative

feedback.

Modelling can be computationally expensive so it is useful to keep models of a system as small
as pasible, only including the important parts. Developing inhibitors of thel\péi®2

interaction therefore requires a good understanding of the structures of the two interacting
molecules and how they associate.

1.2.1. THE STRUCTURE OF P53

The protein p53Kigurel.1) comprises an intrinsically disorderedt®&minal region referred to
as the transactivation domain, followed, after a preficke length, by a long, structured DNA
binding domain (roughly half of the molecule) and then, furthendibw protein, an

oligomerisation domain.

The transactivation domain of p53 contains two subdomains. Proteins involved in replication
such as the eactivator p300 typically bind to both of these subdomains. Both have regions that
fold to facilitate bindig with a particular target protein. The first subdomain binds to Mdm2

and its homologue, murine double minute protein 4 (Mdm4). Within it, residues 18 to 25 fold
during Mdm2 binding'.

When binding to DNA, p53 forms a tetramer through aggregation of a beta strasgtzend

helix in the oligomerisation domain of different monomers. Dissociation of the tetramer exposes
a nuclear export signal in the oligperisation domain which may lead to export of the

dissociated p53 monomers from the nucleus, preventing them from acting as transcription
factors. Consequently, control of tetramerisation could play a role in the control of p53

activity’’. The extreme @erminal region after the oligomerisation domain, might also be

involved in the regulation of p53 activify’®
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Figure 1.1: The human p53 and Mdm2 polypeptidesThe numbers indicate the position of residues within the amino acid sequence. For each protein, the top band shov
thesequence that fold to make an important region of the protein, in p53, the two subdomains of the transactivation ddmadd@NA hinding domain and the oligomerisation
domain (Oligo.): in Mdm2, the SWI/SNF (SWItch/Sucrose Nr@amtmenting) complex B doam (SWIB), the acidic Asp/Glu rich domain (Acidic) and the Ramding protein 2
(RanBP2) and RING (Really Interesting New Gene) -finger domains. The lower band shows the secondary structure: blue for alpha helix, red for beta strand and khaki
This figure was constructed using Microsoft Excel with data from UniProt (www.uniprot.org) (accession codes P04637 and Q00987




1.2.2. THE STRUCTURE OF MDM 2

Mdmz2 is a RINGdomain family E3ubiquitin ligase. E2ibiquitin ligasesonstitute a diverse
set of proteins which facilitate transfer of the protein ubiquitin from an E2 ubiquitin ligase to a
specific substrat® The role of an E8ibiquitin ligase can be entirely one of recognition;

however, these molecules can also play a part in catalysis.

The key parts of MdmgFigurel.1) are a p53 binding domain at thet&tminus, an acidic
domain followed by a RanBP®pe zinc finger in the middle and a RING (Really Interesting

New Gene) domain at the-t€rminus®.

Piperidones (derivatives of the coaymd piperidone) bind in the p53 binding site but at least
some of their high affinity is thought to be derived from additional interactions made with
residues 6 to 16 at the extremdédminus of Mdmz2. This flexible end is thought to be able to
fold overthe p53 binding sit&2

The acidic domain is where positive and negative regulators appear to bind. It also appears to
play a critical role in p53 degradation. Mutations to residues in either th2534a@r 276274

regions reduce p53 degradation in the cell; however, only imnigain the former have been

linked to a reduction in the polyubiquitination of p53 by Mdm2, so Mdm2 may also regulate

p53 activity via another mechanidin

In the middle of the p53 protein is a region that folds to form a Zinc fingempersecondary
structure motif stabilised by the coordination of one of more zinc ions. In Mdm2, this region
forms a 3, helix followed by four beta strantsIt contains a binding site for the protein Ban

a Gprotein associated with the transport of molecules between the cytoplasm and nucleus

through nuclear por&s

Mdm2 binds to ubiquitin using the zinc ions in its RING domain. The RING domain of Mdm2

is also essential for dimerisatiin

Figurel.2 shows tle sequenceoverage of the crystal structures of Mdm2 and its homologue
Mdm4 in the Protein Data Bank (PDB, www.rcsh.dtg} the time ofwriting. When predicting

the binding affinity of a compound by computational modelling, the sequence coverage of the
chosen structure is importatie system must be large enough to contain all of the regions that
contribute to binding or are requiredrt@intain the stability of the binding parts but too large a

system makes simulations computationally expensive.
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Figure 1.2: Protein Data Bank (PDB) structures containing sequences that have ovB0% sequence
identity with part of human p53. Red) Over 95% identity. Purple) 60 to 95% identity. Blue) 50 to 6(
identity.




Structure 1T4E, which was used for docking and molecular dynamics simulaticthssin
project, covers residues 17 to 125 of Mdm2. Consequetktymany crystal structures of
Mdm2, 1T4F lacks thextreme Nterminal residues thought to contribute to the binding affinity

of piperidone$*2 However, this is an assumption made in many laboratory assays where these

residues are missing from the Mdmz2 construct to prevent fiiteemblocking the p53 binding

site. The construct used in the wet laboratory for testing in this project covers residues 17 to 123

so computational results and experimental results should be comparable.

d>1.1A
0.5>d>1.1 A
0.25>d>0.5 A

Figure 1.3: PDB structure 1YCR coloured to indicate residue movement upon ligand binding
Structure 1YCR features p53 bound to Mdm2. Each of the PDB structures 1T4E (Mdm2 with a
benzodiazepine bound), 3IWY (with a dextrorotatory pepti@eBL (with an MI63 analogue), 4ERE
(with an N-alkylated piperidinone), 4JVR (with a morpholinone) and 4MDN (with a chloroindole
derivative) was aligned with Mdm2 from the structure 1YCR (unbound Mdm2). These PDB structu
were chosen to include a dige range of bound ligands whilst ensuring 100% sequence identity anc
good degree of coverage. The root mean squat
average position of the alpha carbon (over all 7 aligned structures) was cdléolatsidues 27 to 107.
The residues were coloured according to this RMSD value as indicated in the key. Notably, there i
movement around the centre of the binding site where Phel9, Trp23 and Leu26 of p53 interact; he
there is a particulaylflexible region to one side of the binding site. This part is within the region cov:
by residues 68 to 72, a region absent from 4ERE and partially absent from 4JCR. The red coloura
thus based on results from structures 1YCR, 3IWY, 3LBL and 4MDIM. The absence of these residt
from 4ERE and 4JCR could be partly responsible for the apparently high mobility in this region;
however, that these residues are missing from some structures is also consistent with them having
propensity to move.




PDB structures of part of Mdm2 usually feature another ligand such as Mdm4 (2 structures at
the time or writing), a peptide (16 structures) or a small molecule (31 structures). The vast
majority were produced by-Kay diffraction; however, the fowstructures of Mdm2 parts in
isolation (1Z1M, 2C6A, 2C6B and 2HDP) were produced using nuclear magnetic resonance
(NMR). This highlights how the flexibility of the unbound protein makes crystallography
difficult.

Superimposition of a selection of Mdm2 stiwres from the PDB gives an indication of which
parts of the protein are most flexibEidure1.3). The results reveal the significant movement
possible around the p&8nding site and thus highlight the need to consider proteiibiligx
when making binding affinity predictions.

1.2.3. INHIBITION OF THE P5 3-MDMZ2 INTERACTION

The transactivation domain of p53 is responsible for its action as a transcription factor. A
transcription factor increases the activity of proteins indirectly byngaite frequency with

which their genes are transcribed. Mdm2 binds to an alpha helix in the first subdomain of the
p53 transactivation domain, which lies within the region comprising residues 15 to 29 of the
human proteiff. It thereby physically prevents the interaction of this region with DNA.

Peptides of the residues in this region of p53 will bind to Mdm2 and compounds developed to
inhibit the p53Mdm2 interaction Figure1.4) are referred to as peptidomimetics, because they

mimic these helical peptides.

1.2.3.1.Peptidomimetics

Small molecule, peptidomimetic inhibitors of the g83l m2 i nt er aechaiipion i ncl u
mimetics, terphenygl nutlins, chalcones (flavanoid precursors), aryl sulphonamides,

isoindolinones, spir@xindoles, 1,4enzodiazepin,5diones, I\‘?—acyl—tryptophany4

piperazides and chlorofusity.

PPI inhibitors can be identified by highroughput screening in the laboratSrgnd this has

played a major role in the identification of inhibitors of tildm2p53 interaction. For example,

in 2004 a group of imidazoline inhibitors of the pB8m?2 interaction, which are referred to as
Nutlins, Figurel.5) were discovered by the pharmaceutical company Roche using this method.
The image on the left dfigure1.4 shows for comparison how p53 and Nutlins appear to bind

to Mdm2. The stereochemistry showrFigure1.5 is necessary for tight bindiffy



Q ) =N\
[ Y@
I t"\, J
N o
r A benzodiazepine

9

-~

“\@t
JVQ 1 o

N

Br”

HO A Nutlin HO An oligobenzamide

Figure 1.4: How p53-Mdm2 interaction inhibitors mimic residues Phel9, Trp23 and Leu26 of
human p53 The parts of the inhibitors which mimic these residues are shown in red, green and blt
respectively. PDB structurYCR (Mdm2 bound to the p53 transactivation domain) was aligned witr
structure 1RV1 (Mdm2 bound to Nuti®) using the Chimera (UCSF) MatchMaker tool which aligns
residues based on the position of their alpha carbon atoms. On the left is shown thexB&ie)i
bound to Mdm2 (grey) from 1YCR and Nutlthfrom 1RV1 (in colour). On the right are examples of
four different types of inhibitor, a benzodiazepinedimeterphenyf, nutlin-2** and an
oligobenzamid®. Evidence of which compound side chains resided in each p53 residue binding sit
(indicated by the colours) came from PDB structure 1T4E (for the benzodiazepine) the modelling ¢
Fischeret al?® (for the terphenyl), structure 1RV1 (for the Nutlin) and the modelling of Ptra&™ (for
the oligobenzamide). Images from Chimera (USCF) and ChemDraw (CambridgeSoft) were combi
using PowerPoint (Microsoft) and Paint Shop Pro (Corel).

It has been suggested that the rigidity of Nutlins makes their binding to Mdm2 more
ertropically favourable; however, their lack of flexibility also means that they cannot bind to the
Mdm2 homologue Mdnt4. While Nutlins are the most effective known inhibitors of the 53
Mdmz2 interactiorin vitro, clinical trials conducted with some Nutitisomer§' suggest that

they are not effective inhibitors of cell proliferationvivo, perhaps as a direct result of their
failure to bind to Mdm#“¢ Mdm4 has, like Mdm2, been implicated in the control of cell
proliferation through negative regulation of p53 activity and it too is often mutated in tumour
cells”’ Inhibition of the p53Mdmz2 interaction might be insufficient to restore p53 actiiity

vivo, compounds might also need to bind to Mdm4 and inhibit theMd®4 interaction to be
effective.
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Figure 1.5: The Nutlins. Each compound has two chiral centres making 4 possible 4 sterecisomers
stereochemistry of the activ@mer of Nutlin3 is shown. The two leftmost side chains, each attachec
a chiral centre, project back into the page, away from the plane of the central imidazole ring. The 1
originally used to synthesise NutiByields a racemic mixture of theta® isomer and its enantiomer.
The latter binds 100 times less strongly than the active isomer.

Chalcones are another example of a type ofMB&2 interaction inhibitor found to be
ineffectivein vivo. They appear to not only bind to Mdm2 but adtloer proteins. For example,
they bind to p53, preventing its interaction with DNA and thus its action as a transcription
factor, thereby defeating the purpose of inhibiting the-[d8iBn2 interaction: to increase p53
activity®.

The poorin vivoresults obtained with the Nutlins and chalcones epitomise theuttif with
which compounds identified in the laboratory are translated into lead compounds for
pharmaceutical research. They highlight the need to continue the search for inhibitors despite

the extent to which the p8adm2 interaction has previously bestudied.

1.2.3.2.0ligobenzamides

Oligobenzamide peptidomimeticBigure 1.6, p36) have been synthesised in the Leeds
Chemistry Department by the Wilson gréufhe scaffold of these small molecules comprises
alternating amide and phenyl groups.

One of the unique merits of these compoundsasit should be possible to make a compound
displaying any combination of side chains with reasonable ease by utilising the hardware which
already exists for solid state peptide synth@¢igure1.7). Monomers are synthesised first to
make a library of subunits from which the desired combinat@mbe taken and assembled by
Fmoc synthesis. The potential to make many compounds is useful, firstly, because the
validation of computational methods is more easily performed when there is practical data for a
large number of molecules and, secondlyabse modification of the sequence of side chains

presented could theoretically allow many different interactions to be targeted.
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Figure 1.7: Synthesis of Nlinked oligobenzamides using Fmoc protection




The combination of side chains alone is intended to control the specificity so the side chains
should ideally be held prearranged so the compound cannot adapt to bind to another protein. In
oligobenzamides where side chains are attached through oxygen substituents on the rings of the
scaffold, intramolecular hydrogen bonding between the oxygen and amide hydrogen atoms of
the scaffold restricts internal rotation. For example, attachment atttieering position causes
rotation about the amide nitrogen to ring carbon bonds in the core to be reStrintaddition

to its effect on specificity, this intramolecular hydrogen bonding can potentially favour binding
because it reduces the associated decrease in entropy.

In this project, 5 different oligobenzamide scaffolH&y(rel.6) were investigateth silico.
Some compounds based on the N, O1 and O2 scaffolds shown have been synthesised by the
collaborating chemistry group.

The limited flexibility of oligobenzamides means that the scaffold must place side chains close
to their final intended positions, the locations in which they will most faithfully mimic the

targeted alpha helix. Azzarit al>*

compared distances in the p53 pose of PDB structure

1YCR (p53 bound to Mdm2) with those in oligobenzamides poses. In the p53 helix, digfances
5.79 A and 5.97 A separate Phe19 and Trp23 and Trp23 and Leu26 respectively. Similar
distances exist between the oligobenzamide side chains, specifically between the oxygen atoms
connecting the side chains to the scaffold. These are, respectivel, 8nt86.17 A in the case

of O1 scaffold and 6.16 A and 6.21 A in the case of the O2 scaffold.

In addition to the distances between side chains, intramolecular angles are also important. In an
alphahelix there are 3.6 amino acids per turn, correspondiaglid0° twist per residue.

Moving from one turn to the next along one side of this #Agirided helix, each amino acid, i,

is positioned at an angle of 60°, anticlockwise, from resicBieMonteCarlo modelling by

Azzaritoet al™*

suggests that the corresponding angle between side chains in relaxed molecules
based on the O1 scaffold with isopropyl side chains & &%’ to 40° and for the O2 scaffold it

is only 10° to 20°. However, oligobenzamides appear to have sufficient flexibility for effective
alpha helix mimicry despite the intramolecular hydrogen bonding. For example, in the O1
scaffold, steric effects medhat the amide carbonyl groups are not quite in the same plane as

the adjacent rings. The carbonyl groups do not form a conjugated system with the adjacent rings
so rotation is permitted about the amide carbon to ring carbon Bokidéecules based on the

01 and 02 scaffolds were synthesised and tested by Azeaatd'. They obtained similar

results with the two scaffolds despite their different connectivity, a finding which the authors

attribute tosimilar side chain presentation enabled by this flexibility.

The flexibility of oligobenzamides can be increased by the addition of a flexible linker to the

|52

middle of the oligobenzamide chain. Kulikeval discuss various methods of combining two

oligobenzamide structures with a spacer to produce double alpha heli¥agjriuang



molecules bent in the middle which can mimic the supersecondary structure of two adjacent

alpha helices similarly arranged.

PPl inhibitors often have a low solubility because they are intended to mimic typically
hydrophobic residues at PPI irfaares. Dimethylsulphoxide (DMSO) is a polar solvent which is
aprotic, meaning that it cannot act as a hydrogen bond donor. It dissolves both polar-and non
polar molecules and a small quantity added to an aqueous solution can increase the amount of a
less mlar compound, such as an oligobenzamide, which will dissolve in the solution. This
enables investigations which would otherwise be precluded by precipitation to proceed. A
drawback of using DMSQO is that, because it increases the solubility of hydrophahiz acid

side chains, the stability of proteins can be adversely affected. This is relevant to binding assays,
where denaturation can decrease specific binding or increaspaoific binding, and

structural methods such as NMR and crystallographyrevaerotein is assumed to be in its

native state.

Although oligobenzamides are straighter than the helices they are intended to mimic,
oligobenzamide scaffolds do have a slight twist, a gradual bend which means that a long
oligobenzamide would not be sght. The degree of curvature can be tuned by changing
substituent¥ and is slightly more pronounced in scaffold O1 (th@-alkylated scaffold) than

in scaffold O2 (the D-alkylated structuréj. Modelling of the scaffolds using isopropyl side
chains at all three positions suggests angles of inclination of just under 160° that introduce a
turn inthe direction of travel of just over 20° per oligobenzamide unit. Metad
oligobenzamides have a much greater curvature, forming ¥yalibelicaf® structures if of
sufficient length.



1.3. Binding Energy

1.3.1. THE THERMODYNAMICS O F INTERACTIONS

In preface to the proceeding discussion of binding energy asim this section introduces

binding energy and how it pertains to binding affinity.

1.3.1.1.Equilibrium Constants

The binding energy is of a compound is, specifically, the Gibbs free energy of binding, in this

case, within aqueous solution.
YO YO "¥Y 1.1

Whereqss is the Gibbs free energy change that accompanies a reaction in which there is an

enthalpy change afH and an entropy change @f at a temperature of T.

The binding affinity of compounds can described by the equilibrium constant of their

binding.
0éanaQw 15
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Where K is the equilibrium constant and the sqimeeketed words represent the
concentrations ahe complex, free protein and free ligand.
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Where @G is the fmdRistheunieersa gas cofistar (8.81d" indl ).
The dissociation constantyks the reciprocal of the association constant, K and is a measure of
the affinity of two species for each other. The greater the affinity, the smaller the dissociation

constant and the more negative the standard free energy of binding.
Kg is temperature depenate
b QY L4

1.3.1.2.Factors Affecting Binding Enerqy

When factors that affect binding energy are discussed, it can be useful to refer to enthalpic
contributions to the free energy (due to factors which affecbut notg$s) and entropic
contributions ( cau s Eablelh sts $someentbalpis and énfropic t i n g
factors that affect ligand binding. As shown by Equalidn(p39), the higher the temperature,

the more effect the change in entropy has on the free energy ofgikditmopic effects usually
make binding less favourable so increasing the temperature tends to cause the dissociation of

complexes.

0



Table 1.1: Enthalpic and entropic factors that can affect the standard freeenergy of binding for a
ligand interacting with a protein

Enthalpic contributions Entropic contributions
Favouring 9 Electrostatic interactions and/or I Release of water molecules
binding hydrogen bonds, often at the binding from the solvation shell
interface, which are only made when around hydrophobic
binding has occurredr which are surface$’ hidden by binding

stronger after binding has occurr&d
Disfavouring 9§ Lack of van der Waals forces with the § Loss of translational

binding solvent where there is a solvefiee freedom of the ligand
void created by binding relative to the protein.

9 Steric hindrance (the exchange i Loss of rotational and
interaction) and torsional stress due t conformational freedom of
the protein or ligand takingp an the ligand®
unfavourable conformation to enable § Increased rigidity within the
binding protein upon binding for

1 Electrostatic repulsion due to similarly steric reasons or due to nev
charged atoms on the ligand and interactions forming or
protein being bought together on interactions involving fixed
binding ligand atoms as opposed tc

1 Breaking of hydrogen bonds and moving solvent. This could
electrostatic interactions between the be at the binding site or
solvent and the bindig molecules some distaceaway in the

where charged atoms are brought ne: protein.
to a hydropholic region on the other § A decrease in osmotic
molecule pressure upon binding

Ligand modifications that increase or decrease the enthalpy change of binding are often
associated with a compensatory shift in the entropy change of binding and vice versa. This can
lead to a counterintuitive change in binding energy when a chemical series is trivitaay
possible causes of this phenomenon, termed entlealipgpy compensation, have been

proposed but its origin neains uncleaf and could be very systespecific.

As an example, Homaffaliscusses how, upon ligand binditige entropically favourable
displacement of water molecules from the Major Urinary Protein (MUP) ligand binding site is
offset by the enthalpically unfavourable breaking of hydrogen bonds between the displaced
water molecules. This is a result of the MhiRding site being only partially hydrated. The

entropic effect would be expected to make the binding of larger ligands less favourable because
this leads to the displacement of more solvent molecules; however, its compensation means that
the dispersion fice between the protein and ligand has the potential to predominate, favouring

larger molecules with a shape complementary to that of the binding site.

Despite such observations, enthamtropy compensation could, to a gre#ter lesset*

extent, be an artefact of binding data processing. Due to the difficulties of estimating enthalpic



and entropic components and the tendency for compensation, Chodera and\belitye it
can be most ugd to focus on direct assessment of binding free energy during computational

ligand development rather than estimate changes in enthalpy and entropy.

1.3.1.3.Protein-protein interactions

PPIS typically have a free energy of binding that is between 25 and 80 kJ T

entropically favourable burying of hydrophobic residues in the interface is thought to largely
drive the association of interacting protéin€onsistent with this hypothesis, proteins which

are permanentlgart of a homodimer have hydrophobic interfaces that resemble the core of a
proteir?®. Furthermore, comparison of the interacting andinteracting surfaces of proteins

that fold separately and then bind to form a heteromer reveals that the interacting surfaces are
flatter and have a larger solvent accessible surfacelmrahe nosinteracting surfacé$

features which will maximise the number of water molecules displaced (and thus thedricrea

entropy) upon binding.

Although the binding interfaces of heteromers have fewer charged réiduesme
heteromersiesidues forming electrostatic interactions at the interface promote Bittinghe
hydrophobic environment around charged and polar residues on an interacting surface is
thought to increase the strength of electrostatic interactions by excluding bulktsolve
decreasing the dielectric const&n€harged and polar residues might also have an important
role in the stabilisation of unbound monomeavkich woul otherwise become denatured due to
their having an excessively hydrophobic interface régf8nThe need to ensure monomer

stability could also explain why heteromeric complexes have smaller interacting interfaces than

proteins brming homomefs.

Interacting surfaces can be divided into regions of differing residue frequeratyalLi
compared the centre of PPI interfaces to their periphery and observed thatiheves
generally more hydrophobic, estimating a typical reduction of 1903 Aidto the free energy
of binding due to the exclusion of solvent from the surface of hydrophobic residues in the

centré®.

Within the core, some residues are particularly important for bifidifigese have been termed
hotspots. Well®t al.”? suggest that a hotspot is a residue contributing 2 kcal (8at kJ mot)

or more to the binding energy as measured by alanineiagaiiimere $ evidence that hgpots

are found clustered t oge' bBensepdckinginhhogrégisl v pack

could partly explain why hotspots tend to be highly conserved in evdittion

Solvent exclusion by the tight packing of hot regions could increaseémgtt of electrostatic
interactions involving hotspot residde$he simulations of Keskiet al® indicate that

conserved residues at interfaces are less mobile so, in addition to its effect on solvation, tight



padking could make binding more entropically favourable by causing residue prearrangement.
The results of molecular dynamics simulations by Rajamial’® are consistent with this
hypothesis. In general, Smiéh al.”®, found reduced flexibility in core intiace residues as
opposed to peripheral interface residues and on a larger scale, hotspots appear to occur in
preformed pockets complementary to the shape of the binding partner so little conformational
change is necessary for bindihg

Despite the clear rigity at some PPl interfaces, many proteins forming PPIs are intrinsically
unstructure® and this project concerns the binding of Mdm2 to the intrinsically unstructured
p53 transactivation domain. While the region this domain binds on Mdm2 is not unstructured, it

too has considerable flexibility.

Thisis not the only respect in which the pBRBIm2 interaction is atypical. While PPIs generally
appear to be entropically driven by the hydrophobic effect, the binding of cytochrome c to
cytochrome c peroxidase being a classic exathptethermal titration calorimetry reveals that
binding of hie p53 transactivation domain peptide to Mdmz2 is entropically unfavourable with
enthalpy being the driving for€e This enthalpy change could sterarfi the formation of
hydrogen bonds within thgb3 helix upon bindingalthough analysis of simulations using the
MM -PBSA method (86) suggests that Trp23 on p53 also hydrogen bonds with Mdm2 and
interacts via van der Walls forsevith many nearby Mdm2 resid&swhile the binding of

wild type p53 peptide to Mdm2 might be enthalpically driven, mutations can change the balance
between enthalpy and entropy, particularly if they change the orientation of Mdm2 residue
Tyr100 upon binding because this taelsig impact on the size of the binding Site

1.3.2. VALIDATION: PRACTICA L METHODS OF DETERMI NING BINDING
AFFINITY

In order to demonstrate that compigaal methods can be used to predict the binding affinity
of oligobenzamides, accuratesilico predictions are needed; however, accurately measured

affinities to test the predictions are also important.

A precursor to the successful estimation of ligaffohity is the successful identification of
binding pose. In the case of oligobenzamides, this step is potentially challenging because, as
discussed in the computational results chaptEs3p many binding positions are possible
depending on the choice of side chains. Consequently, methods of determining where ligands

bind to a protein in the laboratory are also important for validation.

This section discusses different methods in which the binding location and affinity ahd lig

can be investigated experimentally.



1.3.2.1.Methods for the Assessment of Binding Affinity

The complex formed when a ligand binds to a protein is typically much larger than the ligand
alone. This difference in size is exploited by many laboratory assdydetieat binding. These
include fluorescence anisotropy, microscale thermophoresis and surface plasmon resonance
(SPR).

In fluorescence anisotropy, polarised light is used to excite a fluorescently labelled ligand. As a
result of the time delay between &a&tion and emission of the fluorophore, the polarisation of

the emitted light (the anisotropy of the fluorescence) depends on the correlation time of the
particle, the average amount of time which must have elapsed for the particle to have rotated
one radan in any directioff. Larger particles tumble more slowly increasing the fluorescence
anisotropy. Consequently, the binding of fluorescently labelled ligand molecules to a protein
can be detected.

A relatively new techniquenicroscale thermophoresis, can be used to separate particles
according to their size. When placed in a temperature gradient, particles are encouraged to move
down the gradient because the patrticles hitting them on the warmer side have more kinetic
energy(and therefore exert a greater force upon collision) than the particles hitting them on the
cooler sid&. Larger particles move more slowly down the gradient and may eves towards

the heat source, driven by the pressure difference caused by smaller particles moving quickly
around them down the gradient.

In both of the methods above, finding the ligand concentration at which there is half maximal
inhibition of the proteirprotein interaction involves testing a number of different concentrations

of the ligand and producing a titration curve.

The dissociation constant {Kof a proteinligand interaction can theoretically be calculated

using therates of association fkanddissociation ()",
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Surface plasmon resonance (SPR) spectroscopy can be employed to measiikg KThis
technique exploits the change in refractive index of a thin metal film when species bind to its
surfac&”. The ligand is bound to the metalligréace, typically gold, which coats a prism. Light

is directed onto the back of a gold film and the electrons involved in the surface plasmon
(electrons cyclically oscillating at the ametal interface) become excited. This causes the
absorption of lighat a particular angle of incidence dependent on the refractive index at the
surface and an attendant lower intensity band in the totally internally reflected light. If a solution
of the protein is passed over the top of the film, any ligand protein biobargpes the

refractive index of the surface and this alters the angle of the lower intensify. Fareangle



can be measured (scanning angle $PRywever, in the last few years, a technique known as
surface plasmon resonance imaging (SPRi) has been developed, in which the intensity of the
reflected light is measured at a fixed afigl€he latter enables parallel testing of a large

number of species arrayed on the chip. A problem with the use of SPR to study the binding of
small molecules to a protein is that attachment of the compounds to the chip could affect their
affinity for the prdein.

The methods above detect a change in particle size when binding occurs. However, other
methods exist which do not rely on this. One such method is dual polarisation interferometry
(DPI). DPl is similar to SPR, but the refractive index of the metéhse is detected by
interferometry”. Total internal reflection occurs multiple times at both the solgenéred and
opposite prism surfaces as the light, which is polarised, bounces down the long, thin prism
waveguide. The refractive index determines the number of reflections and tinlsnggh of

the lower intensity light, which in turn determines the polarisation phase of the light relative to
that of a second beam from a reference waveguide with which it is mixed at the prism end to
create an interference patt&riunlike SPR, DPI can sometimes detectfoomational changes

in a proteifi’.

Unlike the methods described above, isothermal titration calorimetry (ITC) can be used to
identify the enthalpic and entropic components of binding efferfiye method involves
measurement of the energy required to maintain the temperature of a solution of one binding
component as a solution of a second binding component is titrated*h Thé energy

difference is quantified by way of its comparison with the energy required to maintain the
temperature of a reference solution. The entropic (temperature dependent) and enthalpic
(temperature independent) comporsenitthe binding energy can be determined by repetition of
the titration at different temperatuf@4TC cannot be used for high throughput screening
because, forTlC to work, a large amount of protein must be used per compound in order for the

energy change to be large enough to be measured acdlirately

In this project, binding affinity was assessed using Forster resonance energy transfer (FRET). In
this method, the proximity of two fluorophore labels is detected as a result of thadative

transfer of energy between the molecules. This caxsiation of the donor fluorophore to

cause emission from the acceptor fluorophore. FRET does not require attachment of the ligand
to a surface as in SPR, nor large amounts of compound as in SPR. FRET is also better evidence

of binding than a decrease Indrescence anisotropy.

The methods of fluorescence anisotropy and FRET are now described in more detail.



1.3.2.2 Fluorescence Based Methods

When a molecule absorbs a photon of light, an electron in the molecule can be elevated to an
excited state. Because onlyteén electronic configurations are possible in a molecule, the
electronic energy is quantised; its level is restricted to a discrete number of quite broadly spaced
values (quanta). Photon induced electronic transitions, because they involve a rapidrchange

the state of an electron, can destabilise a molecule and result in an oscillating motion. This
concerted electronic and vibrational excitation (vibronic excitation) increases the number of
different photon energies (wavelengths of light) which caatserbet?®®: although, only

vibrational modes which are compatible with both the ground and excited electronic states can

occur (the Francicondon principlef®?.

The vibrational energy is transferred to adjacent molecules when collisions occur, increasing the
temperature of the surroundings. The electronic energy released whenitbe ebectron

returns to its ground state can be converted to further vibrational energy or, alternatively, lost in
the form of a photon, a phenomenon known as fluorescence. Becaamiss@n occurs after

some energy has been lost, the emitted photemesa energy and consequently a longer
wavelength than that of the incident light. A third mechanism of losing this electronic energy is
through FRET, a phenomenon that can occur when an excited fluoropflaard¢acent

compound that can +emit light yoon light excitation)s close to another fluorophoirethe

ground state.

1.3.2.2.1. FRET

Following the excitation of a fluorophore, the transition dipole of the excited electron can exert
a force on a nearby dipole as the molecule returns to its ground electab@idéhere two
fluorophores are very close together, the resulting interaction (coupling) of the two dipoles (one
in each fluorophore) can cause the concerted motion (resonance) of the dipoles resulting in the
nonradiative transfer of energy from onedtophore (the donor) to the other (the acceptor).

This is known as Forster Resonance Energy Transfer (FRET).

The relative rates of FRET and normal emission from a fluorophore determine what is known as
the FRET efficiency, Eet, the probability of FRET awirring after a photon has been absorbed

by the donor fluorophore. The rate of FRET depends on the relative orientation of the

fluorescent centres, the distance between them and the extent to which the emission spectrum of
the donor and the absorption spem of the acceptor overl@pFRET is extremely sensitive to

small increases in seq@dion distance because the rate of this energy transfer is inversely
proportional to the sixth power of the distance between the donor and acceptor. This occurs
because the dipoldipole interaction energy is inversely proportional to the distance culiged a

the probability of energy transfer is proportional to the square of this interaction ¥nergy
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Where r is the distance between the donoraamgptor and §s the distance of 50% FRET
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efficiency, the Forster distance. In the first part of the FRET work in this project, enhanced
green fluorescent protein (eGFP) was used as the donor and enhanced yellow fluorescent
protein (eYFP) was used as theceptor. The Forster distance, the distance at which there is

50% transfer efficiency, is approximately 5.6 nm for this*pair
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Where Q is the quantum yield of the donor (the proportiomla$orbed light reemitted),.Ns
Avogadr ods A LOMmotYyandp i€ theddp@e orientation factor, a variable

describing the relative orientation of the donor and acceptor that ranges from 0 (dipoles

1.7

antiparallel) to 2 (dipoles parall&f*®. For a donor and acceptor tumbling rapidly with respect
to the time period between absorption and reemission by the donor, thevénaged

orientation factor is twahirds. J is the spectral overlap.
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Where Iy is the normalised fluorescence of the donor at the wavelengtie overlap is scaled
by the wavelength to the power 4 because the efficiency of transfer is proportishalitis

the extinction coefficient of the fluorophore solution. An extinction coefficient describes the

rate at which the intensity of light eming a medium is exponentially diminished.
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Where Qs the intensity of light a distan@ento a solution of concentration ¢, extinction

coefficientUand therefore absorbance A if it enters at an intensity. of

Unlike the other methods outlined in sectibf.2.1above FRET can be used to carry dit

vivo assays since if both the binding componeanésproteins with a fluorescent protein label,
they can be synthesised in a cell. FRET is also very amenable tthiogighput screening.
Different compounds can be tested in the wells of microwell plates, which can in theory be
pipetted out and testedhatically’. Also, it is possible to perform competition assays in which
a ligand competes with a labelled species (p53 for examplehddo the second labelled
molecule (Mdm2 for example). These have the advantage that the ligands do not have to be

labelled, a process which might affect the binding capacity of each compound differently.

In this project, the hybrid proteins p¥3-P andp53-Cherry were used to investigate the
binding of p53 to GFMdm2. Figure1.8 shows diagrammatically hovubrescent labelling of



Mdm2 and p53 can result in FRET. On binding, the YFP labellegti@inal end of the [ibis
brought into close proximity with the GFP, bringing about FRET.

Figure 1.8: Diagrams showing how fluorescent labelling of Mdm2 and p53 can result in FRET

A) A computer generated structure of Mdm2 produced using PDB structure 1T4F showing the C
terminal end of p53 (dark grey) in red and the N (blue) and C (red) termini of Mdm2.-Tdrenal end
of Mdm2 was fluorescently labelled because it is closer &tpan the @erminal end. B) A diagram
showing the principle of the FRET experiment. Binding of p53 and Mdm2 brings the GFP and YFF
together causing FRET to occur.

Many assumptions are made when carrying out FRET measurements.

In this projectjt was assumed that the YFP, GFP and Cherry labels had no effect on the binding
of the peptide; however, GFP, YFP and Cherry are all considerably larger than the peptide and
could get in the way of binding, reducing the binding affinity. For more detgjrding these

fluorescent labels see@

In a titration monitored using FRET, it is usually presumed that there are two FRET states, one
in which the fluorophorgare close and there is considerable FRET, and another in which the
fluorophores are separated, resulting in little or no FRET. As the titration proceeds, the emission
spectrum is assumed to transform from that one of these states to that of the dbetwaad

these points, the amount of FRET is assumed to be directly proportional to the number-of donor
acceptor complexes remaining. In reality, there could be intermediate states with their own

emission spectra.

A further assumption is that the FRET doaod acceptor come together as predicted, which
might not be the case. For example, rather than binding with specificity, molecules might
become denatured, exposing hydrophobic surfaces, leading-&peoific aggregation.



In addition, the conformationahanges occurring during FRET experiments may differ from

those expected. For example, differences in FRET could reflect a variation in the relative
orientation of the FRET donor and acceptor rather than a change in the distance between the
fluorophoresKon et al*® describe their use of FRET to monitor conformational change within
cytoplasmic dynein, specifically the distance between th@aaitlled with GFP) and the AAA
domains of the head (labelled with BFP). They discuss the possibility that some of the FRET
change observed might be due to conformational changes within the tail and not a change in the
distance between the fluorophoresrthRarmore, it is unclear which AAA domain the GFP
fluorophore is closest to when the fluorophores are brought together.

In a titration, an assumption is made that the intensity of the fluorescence being measured is
unaffected by factors such as the absockaor direct fluorescence of the titrant, the
concentration of which may be very high by the end of the experidéding large quantities

of a ligand and its solvent, for example DMSO in the case of a low solubility compound, can
change the propertie$ the solution being observed. The resulting changes in pH or
hydrophobicity could affect the fluorescence. For exanpiepresence of DMSO could cause
partial unfolding of a protein, increasing the solvent exposure of an attached fluorophore

The volumeof solution excited by the incident light and from which fluorescence is detected
also has a direct effect on the observed fluorescence. In a spectrofluorimeter cuvette, this
volume is unlikely to vary. However, in a plate reader well, the volume exwmytéek incident
light depends on the shape of the meniscus, which is affected by factors such as DMSO

concentration.

Kon et al®®

used FRET tdinvestigate the effect of excess ATP on the distance between domains
of dynein.To check that ATP did not alter the fluorescence of either fluorophore in isolation,
they carried out controls in which ATP was added to each polypehim®phore complex in

the absence of the other.

1.3.2.2.2. Fluorescence Anisotropy

Fluorescence anisotropy is another fluorescérasz=d method which can be used to monitor the
binding of a ligand to a protein. Only the ligand is fluorescently labelled. When excited by
polarised light, aapidly tumbling ligand rotates in the time interval between absorption and re
emission, emitting light in many directions. However, if the ligand binds to a large protein, the
labelled ligand, as part of the complex, tumbles much more slowly. It iss&aited in some
orientations and rotates little beforeemission, causing fluorescence anisotropy, polarisation
of the emitted light.

The fluorescence anisotropy, r, of a sample can be calculated from the fluorescence emitted

parallel, =, and perpendidar, R, to the plane of polarisation of the exciting Tisiali
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There are two planes perpendicular to the plane of the exciting light and light ionenbf

i 1.10
these is detected. Consequently, the denominator of this equation is equal to the total amount of
light emitted.

Sometimes the fluorescence polarisation, P, is quoted instead.
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Tumbling is not the only factor affecting the anisotropy. Some polarisation is lost if the

emission dipole moment is at a different angle to the absorption dipole moment in the
fluorophore used. Even where these two mutsiare parallel, the anisotropy is much less than

1; the fact that dipoles are excited at many different angles coupled with the angular dependence
of the probability of fluorophore excitation limits the maximum anisotropy t§‘G%.

An advantage of fluorescence anisotropy compared to FRET is the high signal to noise ratio.
Unlike FRET, the results are insensitive to changes in the total intensity of the fluorescence.
However, fluorescence anisotropy is also a less direct measure of binding because factors other
than the displacement of the ligand from its receptor can affect the correlation time.

In this project, a FRE-based assay was developed to test potentidditors of the p5avidm2
interaction. A fluorescence anisotropy competition assay usingly&@sceil’ has previously

been tested and attempts@@een made to use it with oligobenzantigs® however, there

was evidence thaas well binding to Mdm2, these compounds bound weakly to the p53

peptide, affecting its final anisotropy. This meant that the titration curves produced could not be

used to calculate dissociation constants.

1.3.2.2.3. Fluorescent Proteins Used in This Project

In this project, the fluorescent proteins GFP, YFP and mCherry were used.

Green fluorescent protein (GFP) is a naturally occurring protein from the jelAdighorea

victoria which has been mutated to increase its fluoresé@and to make homologous proteins

of different colours that include blue fluorescent protein (BFP), cyaneitgent protein (CFP),
yellow fluorescent protein (YFB¥. The donor andcceptor fluorophores used in a FRET
experiment are known as the FRET pair. BFP and GFP are commonly used as a FRET pair, as
are CFP and YF#&.

In GFP, the fluorophore is formed by an aastalytic reaction beginning with nucleophilic
attack of the nitrogen of Gly67 on them@e carbonyl group of Ser65 (cyclisation). Dehydration

and oxidation then occur to form ao%oimidazole moiety which together with the phenolic



ring of Tyr66 forms the large conjugated system responsible for the fluoreSééfi¢Eigure
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Figure 1.9: A possible mechanism for GFP fluorophore biosynthest®% An alternative mechanism
has been suggested where oxidation precedes dehydtation




mCherry is a mutated version of the DsRed protein, a homologue of GFP found in coral
anemones of the gendéscosoma®. The fluorophore of DsRed is similar to that of GFP and
forms from residues GIn66, Tyr67 and Gly68 by a mechanism which could be analogous to that
of GFP maturatiof?®.

1.3.2.3.Nuclear Magnetic Resonance (NMR)

This section introduces the theory of NMR, a method which enables solution state systems to be
investigated at atomic resolution in a Adisruptive manner over a broad range of timescales.

The dynamics of interacting proteins and the binding of PPI itangbio a protein can be

studied by NMR so it can be used to validate predictions basedsdito work.

1.3.2.3.1. The principles of NMR

The wavefunction of some particles interacts with an externally applied magnetic field. These
particles have a property knowsa spin andire said to have a magnetic moment. In NMR, a

sample is placed in a strong magnetic field causing the nuclei with spin to arrange themselves
relative to the field according to what is referred to as their spin state. Typically this means that
anucl eus either |l ines up parallel (b) or ant
parallel orientations is lower than that of those in antiparallel orientafidissplitting of the

spin state energy levels by the magnetic field is knasvdeeman splittif§®>. The small

difference in energy leads to there being slightbyre nuclei antiparallel than parallel (roughly

10001 antiparallel for every to 10000 parallel for a spin ¥2 nucleus in a 600 MHz (14 T)
spectrometéf®®. This confers a snilanet magnetisation on the sample which opposes the

external field.

Excitation of the nuclei is possible using radio frequency electromagnetic pulses, which are
applied through coils around the sample. These cause the nuclei to resonate and change state
from U to b, changing in orientation (spin st
precess from the-axis (that parallel to the external field) into the perpendiculglage (and
beyond, back on to theaxis given a pulse of sufficientrigth). The net magnetisation vector

of the sample precesses around the external magnetic field veatas)as a result of the

rotation of the magnetic moment of each of the excited nuclei. The component of the net
magnetisation in the xy plane is daext The frequency at which this perpendicular component
oscillates as the nuclei precess reflects their resonant frequency. Consequently, excitation of a
sample and then detection of the frequency components in the resulting magnetisation as it
decays faititates the production of a spectrum that shows the resonant frequencies of the nuclei
in the sample. As the resonant frequency of an atom depends on the difference in energy

between its spin states, which in turn depends on the nature and environthemiwafleus, an



NMR spectrum contains information about the molecular structure and state of the species in a

sample.

The inherent spin of a particle, a fixed property, is quantised and described by its spin quantum

number | 10724
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The value of | for a partidar nucleus depends on the numbers of protons and neutrons in the
nucleus so different isotopes of a particular atom have different spin quantum numbers.

Tablel.2 shows thespin of some nuclei commonly used in NMRperiments.

Table 1.2: Nuclei often used for NMR

. : A1 Natural 500 MHz spectrometer
Nucleus Spin J K nachs'T abundance (%) frequency /MHz
H Yo 26.75 100 500.0
’H 1 4.11 0.015 76.7
¥*c Y 6.73 1.1 125.7
N Y 2,71 0.37 50.7
¥F ) 25.17 100 470.6
p ) 10.83 100 202.6
2, the gyromagnetic ratio indicates the si zc¢

nitrogen, indicates the directionality of precession. The rightmost cahuiicates the resonant
frequency of the nucleus in the magnetic field of a 500 MHz NMR spectrometer
(11.74 TJO1P2)10%03)

Most nuclei chosen for NMR have a sginpf %2 because this leads to the production of a

single, narrow peak on a simple NMR spectrum. Nuclei havel2possible spin states (each

with a different energy level), which results ihdbserved changes of spin state. If | is greater
than %, the increased number of peaks creates a very complicated spectrum with many peaks.
Furthermore, nuclei with a spimaater than Y2 also have problematically broad peaks because
their anisotropic charge distribution interacts with their surrounding electrons to caustagpin

transitions (spidattice quadrupolar relaxatitt).

The rightmost column dfable1.2 gives the frequency of the radio frequency pulses required to
excite each nucleus ins®0 MHz spectrometer (one with a magnetic field of exactly the

strength required for hydrogen nuclei to be excited at 500 MHz). In a sample, nuclei of a
particular type may be found in various functional groups. For example, hydrogen is involved in
both GH bonds and €H bonds in ethanol. The resonant frequencies of the nuclei in different
environments such as these differ slightly because the frequency is affected by the distribution

of electrons near the nuclei and their associated local magnetic Tibldse small differences



are usually quoted as a chemical shift, 4. T

frequency relative to that of a standard expressed in parts per million (ppm).
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Wheres;i s t he resonant frequency ofgistheedomant wi t h
frequency of the reference nuclei, which, by definition, have a chemical shiftrofi@ case of
'H-NMR, the standard resonant frequersytiat of the hydrogen nuclei in tetramethylsilane.

Due to the suseptibility of the chemical shift to changes in the magnetic field acting on a
nucleus, it is important that all of the nuclei in a sample experience exactly the same external
magnetic field Solution state NMR is limited to small species, ethiotate rapidly (have a low
correlation time), because tira@eraging of the magnetic field over all orientations of the

species is hecessary to ensure that each nucleus experiences a uniform, isotropic magnetic field

and thus produces strong, easilftidiguishable spectrum pedks

In NMR experiments, the excited nuclei are often manipulated so that they transfer their
magndisation to others in the surroundings, so the specific nuclei excited in an experiment often
differ from those which are detected at the end and contribute to the spectrum. Complex
sequences of pulses targeting different nuclei allow two, three andawedirhensional

spectra to be produced. These multidimensional spectra are constructed via the production of a
series of on@limensional spectra, each with a slightly different time delay between certain

specific pairs of pulses.
An overview of the experiants used in this project follows.

1.3.2.3.2. The HSQC (heteronuclear single quantum coherence) Experiments

Protein NMR projects often begin with the production 4fld°N HSQC spectrum (hereinafter
referred to as &N-HSQC), which is typically obtained as a taitnensional spectrum. An
HSQC experiment detects pairs of bonded nuclei, in the cas8NHSQC spectrum, the
primary and secondary amino groups in a sanipie.spin state of a nucleus affects the spin
state energies of any other nucleus with whichare$ bonding electrons. This throdgbnd

effect is known ag-coupling or scalar couplingf®®.

Production of @°N-HSQC requires the generation of many*HONMR spectra, each
modulated by°N nuclei with a specific resonant frequency selected by the adjustment of a
specific delay length in the pulse sequence. Most of the amino acide®#ida protein bestow
a single peak on itSN-HSQC spectrum because they have a single amide group. However,
proline residues produce no peak because they have no amide hydrogen and tryptophan,
histidine, arginine, lysine, asparagine and glutamine &# lamino groups in their side chains

which could potentially produce additional peaks. In practice, it is only in glutamine, asparagine



and tryptophan that the protons are not exchanged too quickly with the solution and have
resonances in the range typlgalovered in the production of an HSQC spectrum to locate the
backbone amide peaks. The N terminal amine of a polypeptide chain also exchanges its protons

with water too fast for their detection.

Figurel.10shows the&complex sequence of radio frequency pulses typically applied to the
sample in an HSQC experiment. The black bars represent the pulses. Appendix B describes the
exact effect of the pulses and delays on the net magnetisation of the sample and how this leads

to production of the spectrum.
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Figure 1.10: An HSQC pulse sequenc®™?*?) The black bars represent pulses (90° for the thin banc
and 180 for the thick bands). Pulses on both the hydrogen and nitrogen channels (pulses at freqt
that will excite hydrogen and nitrogen nualespectively) are shown. The white spaces are delays ar
expression in their centre indicates the length of the delay. The delays last for milliseconds where:
pulses are of the order of microseconds. The sequence is repeated many times vttt déffees of;t

to traverse the indirect dimension. The exponentially decaying wave in the proton channel shows 1
of magnetisation perpendicular to the external magnetic field. This magnetisation, which oscillates
the precession (rotationj the nuclei, is measured and Fourier transformed to generate a 1D spectr
along the direct dimension, A long delay lasting seconds (not shown) is required between success
executions of the sequence to allow full relaxation of the nuclei andleqtiin of the NMR machine.

When a ligand binds to a protein, the magnetic field strength around the binding atoms in the
protein changes. This causes some peaks on the HSQC spectrum to move, potentially
facilitating identification of the binding site. Nén a ligand is titrated in to a solution of a

protein that it binds, the peaks on the HSQC spectrum of the protein can move smoothly from
their initial position to their final position or, alternatively, to disappear from their original
position and appeaut their new position. Which of these two phenomena is observed depends
on the rate of exchange between the bound and unbound'étatesy fast rates of association

and dissociation lead to the atoms producing each peak experiencingaa¢iraged magnetic



field and the production of antermediate peak position. In contrast, slow on andaiéfs

result in two distinct populations of the protein molecule, bound and unbound. As the
concentration of compound is increased and the relative proportions of the two spectra change,
one spectrumaides and the other increases in intensity. What is termed intermediate exchange is
possible at the boundary between these two extremes, where the first order rate constants of

bi nding and release are compar ablneiesfaogularhe di
frequencies of precession).

1.3.2.3.3. NOESYHSQC and TOCSHSQC Experiments

In this project Mdm2 L33E was used. Assignments for wild type Mdm2 had already been
published but there was some variation between these and HSQC results obtained with the
L33E mutant, necessitating the collection of additional spectra for assignment of the L33E
peaks. Often assignment requires the production of 3D spectra, the product of triple resonance
methods such as the HN&A*%2 and HNcoCA™P*Y experiments. For these experiments,

proten samples containing labelled carb&iC] are required, which are expensive to produce.

In this project, the wild type assignments meant #HaN NOESY-HSQC andH-'*N
TOCSY-HSQC 3Dspectra, which do not require the carbon to be labelled, were suifficie

In a NOESY (nuclear Overhauser effect spectroscopy) pulse sequence, magnetisation is
transferred through space between nearby nuclei (typically protons). The return of the
magnetisation vector to theaxis parallel to the external field following salmgxcitation is

known as relaxation. The magnetisation vectors of nuclei with different chemical shifts precess
at different angular velocities and usually relax at different rates. In NOESY, the rapid transfer
of magnetisation between nearby hydrogerigiuesults in simultaneous relaxation, known as

crossrelaxation, of the nuclei concerned. This results in spectrum-pezss.

In a TOCSY (total correlation spectroscopy) 2D spectrum, magnetisation is transferred between
nuclei through bonds, as oppogedhrough space, by a mechanism known as scalar coupling,
which is discussed further in Appendix B3(d). The transfer occurs during a delay referred to

as the mixing time. Using multiple pulses in the mixing period prevkatprecession of

nuclear spins (chemical shift refocussing). This allows magnetisation to be transferred multiple
times along the residue side chain as opposed to through a single bond as in an HSQC

experiment.

Due to the large number of hydrogen atoma protein, botHH-"H NOESY and'H-'H

TOCSY spectra have many peaks, which makes it difficult to distinguished each one.

The NOESY¥HSQC and TOCSYSQC spectra (where the HSQC sequence is preceded by the
NOESY and TOCSY sequence respectively, which acssfifter) are edited versions of the 2D
NOESY and TOCSY spectra, only showing peaks where there is a corresponding peak on the



HSQC spectrum. The NOESMSQC and TOCSYSQC spectra are 3D becausetHe
dimension of the NOESY or TOCSY and ttredimension bthe HSQC are traversed
separately and plotted on two different X&%%°)

A pulse sequence for the NOEFKSQC experiment is shown Figurel.11and the TOCSY
HSQC pulse sequence is showrFigurel.12. The effect of each pulse and delay on the sample
is shown inTable6.3 andTable6.4 of Appendix B.

PL P2 P3 PA PS5 PG P7 P& P9
ts
*H ] 91 IS A A t,/2 t,/2 A A

N A t A A
| Decoupling |

Figure 1.11: A NOESY- HSQC pulse sequenc8®?*. igjthe mixing time, the period allowed for th
transfer of magnetisation between the hydrogen nuclei by the nuclear Overhauser effect. The bars
and other labels have the same meaning Bgyure1.10 and desched in its caption.

P1 CPD P2 P3 P4 P5 Po

Tm

Spin lock t3
'H t, A N Y w2 B & A
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Decoupling

Figure 1.122 A TOCSY-HSQC pulse sequence A CPDO0 i ndicates where
was applied. The bars, gaps and other labels have the same meanifgasih10and described in its
caption.




Both the NOESYHSQC and TOCSYSQC spectra of a protein comprise a region containing
amide and aromatic hydrogen peaks in the 6 & 10 ppm part of the spectrum and a region
containing peaks produced by the aliphatic hydrogen atom nuclei of the side chair<n thé

< 6 ppm part. Details of how these spectra were used to identify the HSQC peaks of Mdm2 in
this project are given ithe NMR results chapter2p2).

1.3.2.3.4. Expression and purification of proteins for NMR

The study of proteins often requires that they be produced in high concentrations. For example,
in competition assays to test potential inhibitoraminteraction, the concentration of at least

one of the two interacting molecules must exceed the dissociation constant of the complex for
there to be a significant concentration of the complex to be dissociated. In NMR, signals are
weak due to the smalifferences in nuclear energy being observed so concentrated samples are
required for NMR too.

Graslundet all*®

review protein expression and purification. High concentrations are achieved
by producing a large amount of the protein, purifying it efficiently and then reducing the
volume ofthe pure solution. Usually, transgenic bacteria are transformed with DNA coding for
the protein of interest as part of a plasmid vector and are then grown in a fi¢hienedium.

An antibiotic resistance marker gene in the vector enables the selddtianstormed cells by

addition of the corresponding antibiotic to the medium.

Cells producing large amounts of a foreign protein typically divide less frequently.
Consequently, expression of the protein is usually controlled by the use of an inducible
promoter, such as that of tihec operon, to allow expression to be delayed until the lag phase of
population growth has been completed.

Within the plasmid, the protein of interest is typically expressed with one or more concatenated
tags to facilitate purifiation. Protease sites to facilitate removal of the tags are sometimes
included, especially if the tags are large protein molecules. There are several commonly used
affinity purification tags™. His-tags, oligehistidine sections, adhere to ions such as nickel or
cobalt in a resin column.hE protein tags maltose binding protein and glutathi®transferase

bind to resin columns containing maltose and glutathione respectively.

Proteins can also be purified by methods that separate according to size (for example, size
exclusion chromatogragh charge (such as ion exchange chromatography) or hydrophobicity
(hydrophobic interaction chromatography for instance). Size exclusion chromatography uses
inert beads with holes of a particular size. Smaller proteins take a more convoluted route
throughthe column so have a larger elution volurfe preventhe formation otlisulphide

bridges beteen protein moleculega,reducing agent such as dithiothreitol (DTT,
SH(CH,)CH(OH)CH(OH)CHSH) can be added to the buffé@fter nickel affinity



chromatographythe protein will precipitate iéthylenediaminetetraacetcid (EDTA) is not
added to chelate any nickel prior to the addition of BYT

Concentration is carried out using a membrane with pores large enough to let water and other
molecules with a mass below the molecular weighbffufMW CO) pass through but small

enough for the protein of interest to be retained. Centrifugation is used to accelerate fiftration

Separation of the proteins in samples by sodium dodecyl sulphat€CH,),;0S0O;)
polyacrylamide gel electrophoresis (SBPBGE) enables the purificatigorocess to be
monitored. The dodecyl sulphate ion is a detergent which denatures proteins and coats them

such that the rate of electrophoretic separation depends on their mass alone.

In this project, the Mdm2 protein used in NMR experiments WWgabelled. To produce

labelled proteins, bacteria are grown in minimal media in which their only source of a particular
element is a compound containing the heavy isotbpEypically, ®"NH,CI is the source ofN
and**C-glucose provide§’C. If there is little bacterial growth,smlution containing vitamins

and minerals such as Basal Medium of Eagle (BME) can be added to augment the minimal
medium. A small amount of unlabelled rich medium can also be used to provide a trace amount
of any essential compound missing from the minimadia. If growth is still inadequate,

expensive, labelled rich media can be used.

Some of the isotopes used for NMR, for instat,e'*F and®'P, are the natural, ubiquitous
isotopes of the elements in question; however, others, most ngtabig and™N, are isotopes
that are stable but only present in low concentrations in the natural environment. To produce
labelled compounds for media containing these isotopes, isotopic enrichment is necessary.
Enrichment of deuterium oxide in water can be peréatvia the Girdler sulphide process,
which relies on the kinetic isotope efféétIsotopic enrichment dfN is possible by

equilibrium fractionation using the NITROX method, which exploits the greater stability of
“NO and H°NO; as opposed tBNO and H'NO; at low temperaturé¥.

1.3.3. INVESTIGATION OF THE P53MDMZ2 INTERACTION USI NG NMR

There has been extensive investigation of theM8&/2 interaction by NMRIn this project,
oligoamide trimers with oxygelinked side chains were titrated into a solution’blabelled
Mdm2 L33E andheir effect on the Mdm2 HSQC spectrum was observed. Most NMR work
with aromatic oligoamides has concerned the investigation of oligomeric foldamers in
isolatior?>* however, Luet al*®have carried out a similar experiment previously. They
titrated an oligobenzamide dimer with carbdmked side chains into a solution of wild type
Mdm2 (268).



Other p53Mdm2 PPI inhibitors have been mordensively researched using NMR. Waatg
al.,'*? describe the use of HSQC experiments tasnee the affinity of compounds based on an
oxodihydrobenzoimidazolylacetamide scaffold for Mdm2. Isolindolinone inhibffors

chalcone¥* and isoquinolinl-ones®* have also been studied.

The adaptability of the Mdm2 binding site to different ligands was revealed by S8chbfA®

who studiechow the Mdm2 HSQC spectrum changed upon the binding ofikbpeptides.

The dynamics of the fferminal part of Mdm2, which is thought to occlude the p53 binding site
when no ligand is present, has also been investitfatétdThe binding of p53lerived peptides

to wild type Mdmz2 is known to cause the movement of HSQC peaks created by residues some
distance from the p53 binding sit highlighting the potential benefit of using the stable L33E
mutant tested in this project in future ding studies.

The binding of Mdmaerived peptides to p53 has also been investigated usingd NIMRe
DNA binding domain of p53 @0) was seen tbind weakly to the acidic domain of Mdm2, a

finding whichis consistent with the opposing charges of these two regions.

Attempts to obtain a 1D proton NMR spectrum of oligobenzamides in this project were
informative in that they suggested the aggregation of some oligobenzamides despite their being
soluble. Czarnat al?® describe the use of HSQC peak movement to test multiple fradikent
inhibitors of the p5aMdm2 interaction as part of a combined htbhoughput computational

and laboratonbased screening process and they highlight how NMR results can reveal

essentiaproperties of a compound such as its potensity to precipitate.



1.4. Computational Methods Used in This Project

This section introduces docking, molecular dynamics simulations and methods of estimating the
free energy of binding. While the protgdnotein irteraction context of this project is novel, the
assessment of potential inhibitors can be likened to any investigation of a set of small molecules
binding to a protein of interest. Guvench and MacK&raliscuss the tradeff encountered by

any researcher wishing to use computational methods to predict the relative binding affinity of a
set of compounds, that of speed versus accuracy. They highlight the two ends of the spectrum:
at one end, fast docking and scoring where the protein is considered static and the solvent is
treated as a continuum: at the other end, accurate calculati@e @ffergies based on the
comparison of all atom molecule dynamics simulations generated in steps along a bound to
unbound reaction coordinate, as exemplified by the method of thermodynamic integration. In
this project, both docking and thermodynamic inéign were carried out. Guvench and
MacKerelf?° observe that some methods suchhasimplicit solvent MMPBSA (molecular
mechanics PoisseRoltzmann surface area) method provide a useful compromise between
speed and accuracy and, as discussed in the resultf B8 proved to be most useful in this

project.

1.4.1. SCREENING AND DOCKIN G

1.4.1.1 High-Throughput Screening

In virtual screening, a very large number of compounds are investigated with the aim of
generating a rough ranking, from which can be drawn a smaller, refined set of compounds for
testing by more accurate methtsThere are two options: ligasithsed screening and
structurebased screening. Shangary and Wadigcuss the roles that cheaper, computational
methods such asn silico screening ande novecompound design, have played in the
development of p5S81dm2 inhibitors.

Ligand-based screening seeks to predict new inhibitors through comparison with existing
ligands or, in the case of enzymes, the substratergmedicted transition state which must be
stabilised. One piece of software facilitating such screening is ROCS (OpEnBygand

based design is relevant to the current project in that oligobedes have been chosen for use
as scaffolds based on their ability to place side chains in a similar relative location to those of
residues in the p53 helix. However, ligabaised screening is of little relevance to the testing of
potential inhibitors inhis project. It is biased towards ligands which are similar to existing
molecules, preventing their fair comparison. Furthermore, this bias means thablagmd

screening is not a source of interesting new chemistry.



In contrast, structurbased drugdei gn makes direct use of the
than relying on the properties of the target protein being encapsulated in those of the known
binding molecules. The success of structiesed methods depends on the availability of
accurate ssuctural information, which can be difficult to obtain. Many proteins, particularly
membrane proteins, are not amenable to crystallisation or NMR and a suitable structure is not
available. Fortunately, there are manyay crystal and NMR structures of M@, the focus of

this project.

Structurebased screening typically involves docking, the computational fitting of compounds

into the surface of a protein to predict where they will bind most strongly. In virtual screening,

the docking must be rapid so thieuctures of the protein and ligands are often static. In such
cases, a number of different conformations of the ligand are generated and docked to account
for the ligand flexibility® If the ligand conformation is changed during docking, this

movement may be limited to a small number of degrees of freedom. For example, in ReCore
(BioSolvelT)*® the ppblem of finding a side chain that fits is simplified to a search for groups
with the correct vectors, the vectors being the direction of the leaving bond (the bond

connecting the fragment to a larger molecule) and the directionality of a pharmacophoee fea
such as a hydrogen bond donor. Possible side chains are rotated relative to the core structure but
there is no rotation about any of the bonds within the core or the side chain. Possible side chains
are ranked based on the relative geometry of theyqueetors and the corresponding vectors in

the side chaifi®. According to the ReCore manual, the closer the vectors and the more similar

their directionality, theyreater the score.

In high-throughput screening, compounds pass or fail based on whether they satisfy certain
criteria, for example, based on the existence of hydrogen bond acceptors or aromatic rings in
specific positions. When searching for diikgg conpounds these criteria are pharmacophore
constraints. Galatin and Abrah&fused quantitative structugetivity relationships (QSAR)
derived using a structure of Mdm2 bound to the p53 transactivation domain peptide to predict

successfully the effedn binding affinity of small changes to the peptide sequence.

Lu et al**®used the program CAVEAT to filter compounds to ensure that they all had side
chains which could mimic those of Phel9, Trp23 and Leu26 in the human p53 transactivation

domain, three residues identified as key "hot spots" by Bégtgar® using phage display.

Criteria for screening can be generated using the binding positions of small, frdigment
molecules. The docking of small fragments is unrelidblrit fragmenbinding sites can be
determined by Xay crystallography or NME’. Fragment positions can be used to generate
possible binding molecules as well as screen a database for them; positioned fragments can be

grown'® or joined?®®. The smaller chemical space of fragments as compared to that of larger



compounds has made predicting compounds by lidpasdl drug design an increasingly

popular alternative to higthroughput synthesis and screeriffig

1.4.1.2.Docking

In more rigorous docking, the ligand is considered flexible during the docking process;
however, this comes at the expense of using more computational power. The protein is still
often kept rigid in the docking prosg but some software can also move flexible parts of the
protein. Autodock, one of the programs used in this project, can do this; although, this feature
was not useth this project If the protein has a flexible binding site but software does not
permitmovement of protein atoms then it is possible to dock into an ensembleagf X
structure$™ or conformations generated by computational means. Computational methods of
generating an ensemble include taking snapshots from a molecular dynamics sifftilatio

using normal mode analy$tdand docking a few compounds with a method that does allows

for protein movemenit*.

There are disadvantages to using multiple structures. As well as slowing dasackireg
process overall, using different conformations can introduce error if the conformations used do
not accurately represent the possible conformations of the pfat@inis can occur even if the

ensemble members are different crystal structtires

When docking a molecule, a scoring method is heeded to predict the relative stability of binding
poses both during the dockingopess and to rank the resulting compound poses. Hataidf*®
describe four types of scoring function: foffteld based functions, empirical functions,

knowledgebased methods and consemnsnethods which involve a combination of these.

Examples of forcdield-based scoring functions are DOCK and AutoD8tkorce fields are
discussed in detail in the context of moleculanamics simulations ongg.

Empirical scoring functions are simpler, typically using an equation like the following.
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The score¥Y'Qis the weighted sum of a number of chosen variables, V. These may include the

numbers of electrostatic interactions, hydrogen bonds and van der Waals interactions, the

number of rotatable bonds and the hydrophobic surface area at thedigésid interfice.
The weights, W, are empirically derived using the structures of known compfexes
Examples of empirical scoring functions are ChemS¢€oré-Scoré*® and FlexX*.

Knowledgebased scoring functions are methods which use the experimentally determined
structues of proteidigand complexes, specifically, the frequency with which certain pairwise

interactions are found in those structures.



In general,

YO TQV¥Iib - 1.15
Wh e r;ie thg probability density of finding a distance dietween the interacting pair of
atoms, i, at t;ls¢he robabiity demsitysviiah Wvauld lee.obsgrved in a

theoretical reference state in which there is no interdétidnis the Boltzmann constant and T

is the temperature in kelvins. Potentials of mean force are calculated using a formula of this

type®.

In this project, three docking programs were uséeiX (BioSolvelT)}*° Autodock 4 (version

4.2**' and Autodock Vin&? In FlexX, docking is a sequential process comprising the

placement of a core fragment and then incremental addition of atohis toite until the fully

docked compound has been produced. Each step is repeated hundreds of times and the highest
scoring poses (evaluated using the FlexX statistical potential scoring furiytaoe selected

for the next stagé®. Other popular docking programs utilising this incremental approach are
DOCK, Glide and Hammerhe&d

In contrast to the docking methods above, Autodfcises a genetic algorithm, meaning that

the state of the ligand is treated like genetic material. In the case of Autodock, the information
comprises the location (three coordinates), orientation (four rotation quaternions) and
conformation (one variable f@ach torsion angle) of the molectifeA set of random poses are
generated, the best poses are selected and then a new set of poses are generated based on the
selected poses by combining and then mutating their informtidihe process of pose

selection, geneticecombination and pose production is repeated thousands of times to produce
a population of higiscoring poses. In the event of there being many very similar poses, they are
clustered by RMSD (f8) to produce distinct poses. Thectfing program GOLD also uses a
genetic algorithm. Autodock uses a Lamarckian genetic algorithm, meaning that some fitting of
each pose is performed before its genetic material (updated to take into account the effects of
this local fitting) is processed tenerate the next pose 'sét

In terms of the computational time required for docking, Autodock Vina is much more efficient
than Autodock 4. It uses a third search algorithm for global search based on the Iterated Local
Search method devised by Baxtérlt is a Markov chain Monte Carlterative method,

meaning that each iteration consists of the production of a possible pose based on the current
one and the acceptance or rejection of this pose based on its probability relative to the current
pose. In the case of Autodock Vina, the pratucof the possible pose involves a mutation
followed by application of the BroydeFletcherGoldfarb-Shanno (BFGS) meth&d. This

method uses botlhé value and gradient of the scoring function in the optimisation

proces§ 1)



At the beginning of this project, rapid docking and scoring were used to predict the relative
binding affinity of oligobenzamides for Mdm2; however, the synthetic inaccessibility of the
compounds meant that validation was not possible. Schi@idighlights the relatively few
examples of drug discovery projects using virgeeening, citing the poor accuracy of these
methods but also the need to identify synthetically accessible compounds, with docking ideally
forming part of a cycle of computational and synthetic work.

Docking predicts binding poses successfflyput docking sores are typically poor estimates

of the true binding affinity of compounti&*®? Oligobenzamides are large molecules and

therefore have the potential to make numerous interactions when they bind. The more

interactions a set of compounds can make with a binding site, the harder it is to determine their

relative affinities correctfff®. Docking aims to find the most stable pose of a compound and

docking scores are based on this pose.titgeaffinity of a compound, in contrast, depends on

al | of the systembébs possible states, and the rela
comprising a set of atom positions and momenta) occur as the compound and protein move

around. Therefore, faccurate binding energy predictions, this phase space must be fully

sampled, for example, by carrying out molecular dynamics simul&tidffs

1.4.2. MOLECULAR DYNAMICS S IMULATIONS

A molecular dynamics simulation is a computer simulation of molecules within a virtual box. In
this project, simulations of ligands bound to the protein Mdm2 were performed. Simulations

require much moreamputation time than even flexible docking.

An X-ray crystal or NMR structure is usually chosen as the initial structure of a protein at the
start of a simulation. The initial ligand atom positions may be from the crystal structure or be
the result of dodkg. The water atoms usually come from a box of pure solvent which has
previously been simulated to the point of equilibration. lons are also added as necessary so the

system has an overall neutral charge, as required by the Particle Mesh Ewald Yhgthg)d

Initially, each atom in the system is assigned a random velocity based on the system
temperature. Repeatedly, the position the atoridwin after a small time step has elapsed is
calculated based on the forces acting on them. The resulting set of frames is known as a

trajectory.

1.4.2.1 Necessary Assumptions

Before molecular dynamics simulations are discussed in detail, it is worth corgsideduple
of the many assumptions made when a molecular dynamics simulation is performed. The

validity of the results depends on the validity of these.



1421.1. Ergodicity

The probability distribution of the possible states of a system is known as its ensembile.

In a simulation, the system is usually heated up to the desired temperature using a constant
volume simulation. Once equilibrated at the correct temperature, more natural, constant pressure
simulation begins. (The volume of the system is allowed to v&3).jdn the constant volume
simulation, the NVT (constant particle number, volume and temperature) or canonical ensemble
is being sampled. In the constant pressure simulation, the NPT (constant particle number,

pressure antemperature) or isothermdasobaric ensemble is being sampled.

The ensemble average of a property is the value of the property in each possible microstate of

the system, weighted by the probability of the system being in that microstate.
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Where® Qs the ensemble average, A is the property, P is the probability and i is the
microstate. The probability of a compound being found in each microstate depends on the

energy of that microstate arukttemperature gd).

In molecular dynamics simulations, systems are modelled over time and the averages obtained

from them are timaverages.; they are only estimates of the true ensemble av&tdges

In the context of mlecular dynamics simulationthe ergodic hypothesis states that, given
sufficient time, a simulation will sample all of the possible states of the system and therefore

that averages over the frames in a simulation reflect the ensemble &%&i%ge

In practice, he ergodi@ssumption is seldom completely fulfillé&*”because the trangitis
between some stable states have a low probability due to the high energy of the intervening
microstates. As a result, sampling may be incomplete, causingtienages to be weighted

towards the initial state of the system.

1.4.2.1.2. The Born -Oppenheimer Approxi mation

The mass of an atomic nucleus is thousands of times greater than the mass of each of its
electrons. Consequently, when the velocity of the nucleus changes, there is a large change in
momentum. This causes the nucleus to exert a large force orrdtgrgling electrons. Because

these electrons have a small mass, the consequent change in their momentum corresponds to a
large change in their velocity, so they adjust rapidly to the change in nuclear position. The
Born-Oppenheimer approximation statesttblectrons have no momentum and adjust
instantaneously to any change in nuclear position. Thus, when the movement of nuclei is

considered, the electrons can be assumed to be stationary relative to the nuclei with which they



are associated. Likewise, theateus can be assumed to be stationary relative to electron

movement, because the nucleus moves much more SR/

Further consideration of this approximation depends upon an understandinglafritigmnian

operator and the Schrédinger equation.

A fundamental particle can be treated like a spherical standing wave with a single peak at the
particlebs position. The function which describes
conceptofamvefunction can be extended to a system whe

the state of the system.

In physics and chemistry, an operator is an operation which, when applied to the state of a

system, generates a value. Whiem Hamiltonian operator, , is applied to the wavefunction of

a system, it returns the rate of change of the wavefunction, phase shifted by 90° (multiplied by i,
the square root 6fl). The shift puts it in phase with the original wavefunction.
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Where h i s PFiathecstaté sf the system aral nis ",

The PlanckEinstein equation, stated in terms of angular frequaregals how the rate of
change of a wave is also its energy.
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Where E is the energy,is the frequency 9, ¥ is the angular frequency (rad)sandd is the
angulardisplacement (rad). Consequently, Equafidry, the timedependent Schrédinger

equation can be reritten in a timeindependent forn§%2":
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The result of applying the Hamiltonian operator to a syssaimerefore the total energy of the
system and this operator is often equated to the summation of the different energies that

contribute to the total energy the system.

Let the nuclear coordinates be expressed by the ieaad the state of the electrons embodied
in vectorr. If the BornrOppenheimer approximation is made, the total wavefundfldR, r),

can be modelled as the product of two separate nuclear and eleatranice f unct Qons (j and

respectively), calculable using modified Hamiltonian operatogsand , respectively?%*).

WM N A w Iim 1.20
Schrédinger equations can be formulated for both the electronic (Equ&tipmnd nuclear

(Equationl.22) component§&°27),
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As shown, the coefficients,i&nd E vary with the nuclear positionR..

= i n D 1.23
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Whereki s Pl anck6s ¢ on sptisaherass ofreach atdmyasslireed tobey 2
identical in this example]d is the interatomic potential, otherwise known as the vibronic
energy and is thedelsquared operator or Laplacian, which is here applied to the nuclear

wavefunction®?,

In Euclidean (x, y, z) space,
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Where N is the total number of electrons (over all atoms)isMhe number of nuclei,.4s the
charge of nucleus a, e is the elementary charge (the charge of a protqnisahd distance

between nucleus a and electron,iif€the electronic energy as shown in Equafi@1 and

which may be calculated usinge.

1.26
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Whereg is the mass of an electron (the reduced mass with respect to the nugisubg r
distance between electrons i and j agisrthe distance between nuclei a antd'8". Note that
the delsquared operator is applied to the electronic wavefunction in this equation, not the

nuclear position&; the value just degnds uporR.

In a quantum mechanics simulatianis estimatedusing the positions of the nuclei and then
equationl.22is solved, yielding ER) which can be used to work out how the nuclei will move

and therefore what will be after a small amount of time has elapsed, the time step.

1.4.2.2.The Force Field

Quantum mechanical calculations have limited scalability. A time complexity of) @(ere N
is the number of orbitals is typicat due to the need to perform matrix multiplication.

Consequently, it would be too computationally challenging to perform macromolecular



molecular dynamics simulations in which all of the electroni@taidowere explicitly modelled.
Quantum mechanical models are generally only used for the simulation of small molecules or a
small part of a larger system (in a QM/MM simulati§h)Consequently, the vibronic potential
energy of the syster (discussed above), is usually estiathin a molecular dynamics

simulation of a macromolecule using an equation containing parameters for different atoms,
bonds, torsion angles and througiace interactions. This equation is known as a force field. A
key assumption with most force fieldstligt different factors make independent contributions

to the binding energy. In practice the polarisation of atoms by those in their vicinity and the
limited occupancy of molecular orbitals (exchange effects) mean that forces are not entirely
additive* P4

Most force fields are derived from the following standard formula for the AMBER (Assisted

Model Building with Energy Refinement) force fiéiti

~
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WhereD(R) is the total potential energy associated withkibleded and nebonded

interactions between all of the particles in a simulated system where the patrticles are at
positions described by the vect®r The bonded interactions are modelled by the first three of
the four terms, which relate to bond stretchimgnd bending and bond torsion respectively. The
nonbonded interactions (electrostatic interactions and van der Waals forces) are modelled by

fourth term.

b is the length of a bond being evaluated ajahll k are constants describing the equilibrium

length and stiffness of bonds of thattyffe Si mi | arly, d is the angle betw
consideration andgindicates the amount of energy stored when the angle is bent away from its

equi |l i br b bnthe thind ggrh, he surdmed expression describes a component of the

torsional energy profile for rotation about a particular band.the torsion angle, kelates to

the amplitude of the energy barrier, n is the number of peaks (and troughs) in the energy per

360° iotation andiis the phase (peak position). Multiple sets of parameters for this third term

allow a complex torsional energy profile to be modelled as the sum of a series of cosine waves.

The last, norbonding interaction term accounts for electrostatieractions and the Leonard
Jones potential for each pair of Abanded atoms (i and j), the latter comprising a highly

distancedependent, repulsive exchange force andttractive dispersion fort®. g and gare



the chargesfthe atoms.jti s t he di stance between them. O i

environment between the nucl ei -Jaesgotedtialis®. t he

Some force fields related to the AMBER force field are the CHARMM (ChemistiyRivard
Macromolecular Mechanics) force fields and the OPLS (Optimized Potentials for Liquid
Simulations) force fields but there are many otH&rBarameters can be derived using
experimental data or generated by appldbgnitio quantum mechanics methods to small

molecule$™,

1.4.2.2.1. Torsion Parameters for Oligobenzamides

Figurel1.6 (p36) shows the scaffolds at the core of the oligobenzamides investigated i

project. The blue R groups are the side chains intended to bind to Mdm2 and mimic the residue
side chains of the p53 transactivation domain helix. There are five different scaffolds. In the N1
scaffold, the side chains are attached through nitragehe O1 and O2 scaffolds the

attachment is through oxygen and in the S1 and S2 scaffolds the attachment is through sulphur.

Vemparalaet al*"* discuss how th&AFF (General Amber Force Field) force field has
inappropriate torsion parameters for the modelling of oligobenzamides. They calculated and
validated torsion parameters for the orfubstituted oligobenzamide bonds showFigure

15.

Figure 1.13 Torsion angles for whichVemparala et al*’* determined parameters prior to this
project. Three torsion angles within two different orthiobstituted oligobenzamide molecules are sho
using arced arrows. The three bonds associated with each torsion angle are highlighted in red.

In my work, only Vemparal 6 s ami de bond pHRguraltBewhelrissimilaor si on
to the GAFF parameter, was used. However, Fetlet!”?used the aromatic carbonJ@

torsion parameter calculated using the $8lbstituent for modelling of the O1 scaffold even

though this parameter is for attachment usinigphur instead of oxygen. Fuller argues that the
difference in the strength of thel®and SH hydrogen bonds is unimportant, a claim supported

by the recent work of Liet al!"

who generated and validated torsional parameters forthe C
peptide carbon and;@\ bonds in both ortho and meta substitutkgotvenzamides for OCH
andSCHs ubstituents and found them to be simila

parameters were used for these torsion parameters affected by intramolecular hydrogen bonding.



Liu et al.note that even though ortho substituents appear to have similar effects, regardless of
whether the attachment heteroatom is oxygen or sulphur (as assumed bgtRl)lewhere
substitution is at the meta position, the choice of oxygen or sulphur @gdesawifference. In

the meta case, sulphur significantly reduces the strength of the intramolecular hydrogen bond
because steric effects are more likely to push the sulphur atom away from the hydrogen with
which it is hydrogen bonded. A similar effect wasserved earlier by Galaat al!™* who

investigated fluoreand chloreortho-substituted Nmethylbenzamide As a result of their
electronegativity, hydrgen bonds involving each of these halogen substituents are stronger than
those involving oxygen or sulphur. However, whereas the most electronegative substituent, the
fluorine, increases rigidity, the chloro group does not appear to, an observatiorthehich

authors attribute to steric effects commensurate with its greater size.

In the N1 scaffold, although there is no intramolecular hydrogen bonding, the torsion

parameters could differ both for every compound tested and between the subunits within each
compound. This is because, in these molecules, the substituents are on the amide nitrogen atom,
in the vicinity of the rotating bonds, as opposed to some distance away, attached to the aromatic
rings. This project involved both inductively electron donatind inductively electron

withdrawing side chains. Consequently, the decision was made to base parameters on the
torsional barrier height of the tsubstituted oligobenzamide when molecules based on the N1

scaffold were simulated. The results of kiual"

indicated that GAFF parameters would not
be appreoriate but AMBER torsion parameters had not been calculated fsuhstituted
oligobenzamides. DFT (density functional theory) calculations had been performdd-on 4
aminobenzamide)benzoic acid to find the torsional potential energy profiles for@yeatd

C.-N bonds” so the barrier heights from these profiles were used for modelling. To facilitate
the fair comparison of results for different scaffolds, these N1 scaffold parameters were also
used for GN and G-C, bonds not constrained by hydrogen bonding in the @108 and S2

scaffolds (for the bond on the opposite side of the ring to the substituent).

1.4.2.2.2. Calculation of Partial Charges

Gasteiger charges can be used for docking. These are estimates of the charges based solely on
the connectivity of the atoril§. However, accurate partial charges are required for molecular
dynamics simulations and unlike many molecular parameters, atomic partial charges must
generally be calculated for easpecific molecule because they depend on the structure of the

compound beyond their immediate vicinity.

In this project, HF (HartreBock) RESP partial charges were calculated using RESP ESP
Charge DerivE’. These are derived using a HartFesck molecular electrostatic potential grid
calculated for the molecule, a thrdienensional array of point charges approximating the

continuous Hartre€ock approximation of the Schidimger equation. The Hartréeck



approximation is based on the assumption that the wavefunction can be described as the sum of
a set of functions, basis functions, which each describe an orbital of the system, and which are

collectively known as a basists

W i i W %o 1.28

Where( is the molecular wave function, which is the sum ahbdlecular spin orbital
functions, G, whi ch arned eaacnho ltehceu | parro d uscptatafal
the summati on o ffRM) g tisahamaolecudar drbital cadffisient indlicating

the contribution of atomic orbital to molecular orbital.

The orbitals of atoms can be modelled using basis functions, sums of Gaussian functions,
individually known as primitive Gaussian functioff§®>*®”) This makes it easy to combine the

orbital wavefuntons.

ot o0 al g QQ 1.29

Where g is the function of a Gaussian orbital in dimensions x, y and z. a, b and c are coefficients
describing the shape and orientation of the orbital. For example, a, b and ¢ must sum to 0 for an
s orbital, 1 for p orbitals and 2 for d orbitals. For epdhitive function comprising the orbital,

U controls the size of t he Gaussian and d co

normalisation factor.

In the 631G basis set there are 6 Gaussians used to represent the core orbitalatoheact

then 4 used to represent the valence orbitals, 3 smaller ones (referred to as contracted) and a
larger one (referred to as a diffuse orbif4y’®. In this project, the-81G* basis set was used

The additional asterisk here signifies the use of Gaussian functions usually used to-model d
orbitals when modelling heavy atoms (which do not have occupied d orbitals) to account for the

polarisation of the occupied orbitals by the surrounding atGMe.

After a molecule has been minimised, partial charges are fitted to each atom in the molecule, so
that the electrostatic potential energy around the molecule is reproduced as accurately as

possible.

Specifically, at each & threedimensional array of points around the molecule, the difference

bet ween the predicted potenti al derived fronm
potential estimated from the wavefunction is minimised. (The electrostatic potential Bnergy

here defined as the amount of energy required to move a point charge with the charge of a

proton from an infinitely distant point to the point in question.)
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R in Equationl.30is minimised where, for each grid point, i, of which there ajg, M is a
weighting factor(ii s t he charge deri ved idthepotentialhe wavefuncti
derived from the partial charges being fitt&*°)

. ® L 1.31
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The potential at positionis the sum of the potential due to the nuclear charge (the first term in
Equation1.31) and the potential due to the electron density (the second tehio) is

subtracted because the electrons are negpithargetf®*®?). (Note thar is a Cartesian space
position vector here as opposed to the positions of the electrons as in $&cfidh?2)

%0 7l rTn—ll 1.32
Where NiwomsiS the number of atoms; ig the charge of atom j anglis the distance between

grid point i and atom %%, ((} is the permittivity of free space, 8.85410'* F m.) Charges

are fitted such that the sum of the partial charges is equal to the total charge of the molecule.

The grid points used for fitting are outside the molecule so buried atoms are a long distance
from any of the points, having little bearing on R in Equali@®®. Consequenththese buried

atoms can be assigned extreme charges dfittimg if the size of these charges is not

restrained. Charges produced using restraints are usually referred to as restrained electrostatic
potential (RESP) charg€&"

The software used in this project to calculate partial charges (RESP ESP Chargt Deses

a hypebolic penalty to penalise extreme values when R is calculated during the fitting process.

1.4.2.2.3. Minimisation Using the AM1 Method

Prior to the calculation of partial charges, oligobenzamides were minimised using the AM1
method. This means that the atoms inrttedecule, with their orbitals, were moved and rotated

so as to minimise the total energy of the molecule.

To determine the energy of a molecule, the Schrédinger equation or an approximation of it must
be solved (66). If the HarteeFock approximation is made, the total energy can be determined
by solving the equation for each orbital separately.
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Where Eis the energy of molecular spin orbital



_ indicates application of the Fock operator, which is similar to the Hamiltonian operator
except that the energy is not the true energy, but a value which takes into account the Coulomb
and exchange interactions between electsnichthat the sum of theesulting eigenvalues

(energies) of the molecular spin orbitals accurately reflects the energy of the whole

moleculé®Ps?),

The Fock operator can be applied to the known molecular orbital wavefunctions of a molecule
to calculate an energy contribution for each pair of electrons. These values can be placed in a
matrix, the Fock matrix;.

€ G g CE E 1.34
Where N orbitals in a molecul#, y is the row vector of ones of length N,is a column vector
containing the energy obtained by application of the Hamiltonian operator to each coreJorbital,
is an N x N matrix cortining the energy of the Coulomb interaction between each orbit# and
is a matrix similar ta which accounts for the exchange interacfi&ft®.

In the AM1 method, three empirical functions are usechtoulate the Fock matrix elements,
one for the diagonal elements and two for thedidfyonal elements, one for orbitals on the

same atom and one for orbitals on different atoms.

The RootharHall matrix equations allow the energy of the molecule to baddrom the Fock

matrix. These can be expressed as a matrix equation:
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WhereF is the Fock matrixC is the matrix of molecular orbital coefficients (containingthe
values in Equatiod.28 (p71)), Sis an overlap matrix to account for the deviation from
orthonormality of the molecular orbitals aBda diagonal matrix of the orbital enerdi&$§>®. F

andS are known<C andE are found by solving the equatf6ff°®.

In the AM1 method, as in many termed semipirical methods, the orbitals are assumed to be
nonoverlapping (orthonormal) makir§jof Equationl.35 an identity matrix.

Consequentfy®re?)
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This greatly simplifies calculation & from the Fock matri¥.

The diagonal elements B J include the Coulomb and exchange interaction energies twice,
once for each electranvolved in each interaction so when the total potential energy of the
electrons (Eeg is calculated from matrik, the Coulomb and exchange interactions must be

subtracted, as shown in the equatietow °4"%2,
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The total energy is the sum of the electronic energy(Ealculated using matrix) and the

nuclear repulsion, &, for each pair of atoms (A and 832>
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In the AM1 method, for most bonds (all excéptthe OH and NH bonds), the following

formula is used.

(0] owiidi p Q Q
(jOY_CO b 0 0 0 1.39
Where the A and B subscripts denote the nuclei either side of a bgnd.tRe distance
between the nuclei,»Zand % are the nuclear charges, K, L and M are fitted constants
controlling the shapefo t he Gaussi an functi ons alsoiafittdkr atom A a
parameter. ($a|sSs) denotes the overlap integral of the core orbitals of atom A with the core
orbitals of atom B, written assuming each atom only has an s orbital in its dbig ispegral is
the integral for the product of the functions for the two electrons in the s orbital of atom A
(saSa) overlapping the product of the functions of the two electrons in the s orbital of atom B

(SsSs)

166(p97)

At the limit of R\z=0, the energy k is proportional to the inverse ofyR consistent with
Coul ombés | aw (which states t hajgsquaned).Attbher ce i s pro

limit of infinite distance, kg is constant.

1.4.2.2.4. Ewald Summation

When partial charges have been calculated for all of the atoms in a system, the electrostatic
interaction between atoms can be quickly estimated during a molecular dynamics simulation
using a force field like the one shown in Equatld?¥. However, calculation of the electrostatic

interactions in a simulation is still the most the@nsuming part of the process.

The amount of time required to calculate the thresigdice interactions in the manner suggested
by Equationl.27, scales with the number of atoms squared because every atom can potentially
interact with every other atom. The size of the dispersion force attracting two atoms is inversely
proportional to the Bpower of their distance apax,gor determination of the Leonadbnes
potential, a distance cuoff can be applied to reduce the number of atom pairs which need be
evaluated. In contrast, electrostatic interactions are long range so a sro#fliceuninot be used

without introducinga considerable degree of inaccuracy into the simuf&fion



Simulations are usually performed with what are termed periodic boundary conditions where
particles leaving on one side of the simulatégppear on the opposite side, as if they had entered
a translated copy of the simulation box flush with the original. This maintains the total number
of particles and reduces the number of particles which must be simulated for a system in bulk
solvent. Abms must be simulated as if they interact with the atoms in every image of the
infinitely tessellated periodic box so there are potentially an infinite number of interactions to
sum to calculate the total electrostatic potential energy.

e NN
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WhereD here is the potential energy of the electrostatic interactions between N atoms in a

0 1.40

periodic box and between those atoms and every atom in the images of the periodiechox
would be produced by its infinitessellabn in all directions. gand g arethe charges of atoms
i and j respectivelyr; is the vector from i and j. The third sum is ovemadixcept for the

s Tmcase when i =j (because an atom does not interact with itself).

In Equationl1.40, b converges slowly as intections with images of increasing distance from
the origin are addedEwald summation solves the problem of this slow convergence. It involves
splitting the series in to four series which each converge quickly.

Equation1.40 can be reritten so every interaction is counted twice and the total is halved:

6 0 .
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This can be further rewritten to include any function f(i, j) if this is both added and subtracted so

that it does not affe¢he final result.

QdQ + "QdQ 1.42

The periodic boundary conditions make it possible to calculate part of the electrostatic energy in

reciprocal space using a Fourtesinsformed version of the regphace formula.

Let

A Andra g 2" o

QdQ= . 0—033(32 exp 277 ¢os kJeg + 37 ) 0" KoS 1.43
Where L is the side length of the period box (assumed to be cubic in this exdhipkm),

arbitrarily chosen constant (often set to 5/L) &rid the equivalent afi in reciprocal

space®dP3s7)
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Substitution of (i, j) into equatiof.42 yields
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Whereerfc(x) is the error function of %),
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Equationl1.45 sﬁows the four rapidly converging seriesdiseEwald summation, two indicated

in each of the sets of square brackets. The first term of the first bracket is a summation over real
space. Although it is not clear from Equatibab, this first term alone is the sum of 3

componets, the electrostatic energies of interest (component A) minus the same energies
convoluted by a Gaussian function (component B) plus a third component, the interaction
between each i, j interaction and its Gaussian convolution (component C). In ord&ircioe
energies of interest (component A) it is necessary to remove components B and C. The second
term of the first square bracket, a summation in reciprocal space, cancels out component C. The
first term of the second square bracket is also a summiati@ciprocal space and it almost

cancels out component B. It is not quite equal to component B because the situation where
[n|=Kk|=0 does not exist in the reciprocal space. This missing component is added by the fourth
and final term (square bracket twerm two), completing the cancelation of component B and

leaving component A, the electrostatic energy of the interactions.

The Ewald summation method has time complexity YN faster variant of the Ewald
summation method is the Particle Mesh EW&ME) method which has time complexity
O(NlogN). In the PME method, charges are assigned to the points of a 3D grid prior to Ewald
summation. The grid is treated as an array of particles and the resulting forces on each charge
are then mapped back onto #etual particle$*”*'?, Because the particles are regularly
spacedalternative expressions for the reciprocal space components can be used which allow
them to be calculated fast&®3'?),

1.4.2.3.The Time Step

The time step is the interval in a simulation trajectory between successive force recalculations.
The amount of time required to carry out a simulation is proportional to the nufdtep®s in

the trajectory so it is desirable to increase the length of the time steps to reduce their total
number. However, if the time steps are too long, the movement of molecules, which is

continuous in reality, is not reproduced accurately in a siiounla



1.4.2.3.1. The Size of the Time Step

A time step must be chosen which is long enough for the highest frequency oscillation in the
system to be modelled. The frequency at which a bond vibrates depends on the stiffness of the
bond and the mass of the linkatbms, with smaller atoms resulting in higher frequencies. The
fastest motion in a real system is the vibration of the bonds between heavy atoms and hydrogen
due to the small mass of the hydrogen atom.
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Wh e rigthedrequency at which a bond oscillates with atoms of maasam at either end

"I'ndll

if it has a stiffness of ke is the reduced mass of the lighter atom with respect to the heavier one.

3 can also be det er mi net@98& camoundsitgpicdllyahave gn. For
infra-red spectrum line at 3000 &mwhich is caused by the-B bond absorbing the light and
stretching®™®*%3). Multiplying by the speed of light gives the oscillation frequency for this bond

as 9 10" Hz, making the period of oscillation 11 fs.

In a simulation, a method known as SHAR tan be used to constrain all bonds to hydrogen.

If SHAKE is not used then the time step must be small enough for this fast vibration to be
modelled correctly. Using time steps of 1 fs resultslirsteps per ¢ bond oscillation, which

is usually sufficient for a simulation to be stable. If the size of the time step is increased to, for
example, 2 fs, this can lead to extreme bond lengths occurring, the relaxation of which can
destabilise the sysm When the SHAKE method is used, a constraining force is applied to all
bonds to hydrogen prevent these high energy states occurring so a time step of up to 2 fs can be
used. SHAKE not only increases simulation stability but it also improves accuracy wh

comparing simulations because high energy states occur rarely so might be sampled in one

simulation but not another.

The potential energy associated with different idrad intermolecular interactions can vary at
different rates. Slow energy changes therefore be evaluated at alternate steps, or less
frequently still. The force due to these interactions can be assumed to be unchanged in the
intervening steps or, alternatively, extrapolai®t® based on the rate of change of the force
(dF/dt) and &F/df.



1.4.2.3.2. The Verlet Algorithm

Once the net force on a patrticle is known, its acceleration can be calculated by dividing the

force by the mass of the particle.

@o 10 @o Ko 1.48
Wherev anda are vectors containing, respectively, the velocities and accelerations of atoms
(assumed to have constant acceleration) in a system before (t) and ati@ra(titne step of
length Ut °4°35°)

Where the vectar describes the position of the atoms,
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The Verlet algorithm (Equatioh52) describes how the atomic positions after the next time step
can be calculated from the coordinates in the current timergtgpghe coordinates for the

previous time step,(ti 1t), and the acceleration of the atorm$,*>>°,

z
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1.4.2.3.3. Equilibration and Sampling

The root mean square deviation (RMSD) can be used to quantify the difference between two
sets of paired values. If each set is considered to be a poirdimeétsional space, the RMSD

is the distance between the two points.
The two sets of valigecan be the Cartesian coordinates (X, y, z) of the atoms in two structures.

In this case
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Using the RMSD assumes that the scales of the x, y and z axes are the same. When comparing,
for example, the deviations of points offld-HSQC spectrum, the axes need to be scaled for

the distance to still be meaningful.

One of the uses of RMSDs is to @ss the equilibration of a molecular dynamics simulation, the

extent to which the system has converged on a steady state where the final, fixed phase space is



being sampled and the system is thus capable of producing statistically independent as opposed

to trending observations.

The RMSD can be used in a variety of ways, the simplest method being to plot the RMSD of
each of the frames in a molecular dynamics simulation trajectory relative to the first frame and
see when the RMSD plateaus. This was the ndetised in this project due to its simplicity.
However, an alto-all RMSD analysis can also be performed in which every frame is compared

to every other. This reveals the extent to which populations are revisited.

Grossfield and Zuckermé‘iﬁiidentify some limitations of the RMSD. The RMSD, for example,
is a single variable so cannot encapsulate the entire state of the system. It could theoretically
level off before the system has equilibrated if the remaining equilibration will not affect the
RMSD'®

If a simulation is performed to monitor a particular variable such as a binding affinity, then this
can be monitored instead of the RMSD. While the variable might not be a good indicator of
equilibration, levelling off of a particulabservation suggests that any remaining equilibration
will not affect its value. In the thermodynamic integratio83jpnvestigatons performed in this
project,equilibration of the derivative of the vibronic potential energyhwéspect to the

reaction coordinateln/d 8y was checked for.

Principal component analysis can be used to identify variables which better encapsulate the
major dynamic modes of the system. Like the RMSD, these can be plotted against time,
individually ortogether to see when the values of the components settle on particular set of
values or appear to be moving between a limited number of sets of values, each reflecting a
local minimum in the energy landscaPeRather than attempt to map {blease space of a
simulation on to scalar variables and then identify such low energy states, clusters of
conformations can be identified by cluster analysis of the trajectory frames. A histogram can
then be produced which reflects the number of trajedtarges mapping to each cluster

identified. Histograms produced at intervals along a simulation trajectory can be tested to
determine when they become samples of the same population, indicating that equilibration has

occurred®

Once equilibration has occurred, it is useful to identify the length of time needed between
samples fortltem to be independent, the correlation time. In order to calculate the error on

estimated parameters, it is useful to make independent observations.

The central limit theorem describes how the variance of the means of samples from a population

depends orhie sample size.
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Where n is the number of values per sampledaisithe sample mean of the random variable
X.

If contiguous sample windows containing a certain number of franesaken from different

parts of a trajectory, each used to calculate a mean value and the variance of these means is
compared to that of the global population, the number of statistically independent samples per
window can be found. Alternatively, windewegularly spaced along a trajectory can be

analysed and the interval between the windows increased until the variance of the windows and

variance over the entire trajectory are consistent with independent safipling

The most straightforwdrand rigorous method of producing independent obsergatiba

variable is to carry ounultiple simulations and see when the results converge. All confidence
limits on simulation derived variables in this thesis are based on separate repeats. This metho
allows random error in docking due to insufficient sampling to be considered by starting each
simulation from a separate docking run. Implicit solvent results in this project were started from

the results of separate docking runs.

1.4.2.4 Maintaining the Simulated Temperature and Pressure

1.4.2.4.1. Constant Temperature

In the real world, a system exchanges energy with its surroundings. Consequently, the
temperature of a real system typically equilibrates to the temperature of its surroundings. To

reproduce this effect irimulations, a method is required to maintain the system temperature.

The temperature of a simulation is a function of the translational kinetic energy of the

particles®¥P40),
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Y Q G— 1.55

Where T is the temperature, k is the Boltzmann constasthe velocity of particle i and;ris

its mass.

In the Berendsen thermostatic method, the velocities are scaled at int&7als
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Wherev;,; andv,gq are velocities before and after scaling in a system at a current temperature of

T coupled to a heat bath of temperatugg,Where the time step i# andUis what is termed the
coupling parameter. The Berendsen method ensures that the rate of change of the temperature is

directly proportional to the difference between the temperature of the water bath and the



temperature of the system. The rate is alsogtimmal to the time step and the coupling

parameter.

The Berendsen thermostat is useful for controlling the temperature in a potentially unstable
system as it is equilibrates. In this project, simulations were carried out with a large humber of
compoundsand it was desirable for as many simulations as possible to be stable both to

simplify production and statistical analysis. Furthermore, in the stable simulations, rapid
equilibration was essential because it was not possible to manually inspect egetgrirdp

ensure that it had equilibrated; only a selection of trajectories could be examined. Consequently,
the Berendsen thermostat was used for all simulations in this project with the exception of

thermodynamic integration runs.

A disadvantage of thedBendsen thermostat is that it does not ensure the correct distribution of
potential or total energy throughout the system; it merely ensures that the total energy is
correct®. All of the simulations carried out in this project had explicit solvent molecules which
will have assisted with the partitioning of energy between the parts of the system
(thermalisation). However, in thermodynamic integration runs where the reactiomeesdi

is close to 0 or 1, the weak coupling of some atoms to the simulation can mean that there is
insufficient exchange of energy with other atoms for thermalisation to 8%,

Many thermostatic methods lead to correct sampling, including the Andersen theffhdiseat
NoséHoover thermostd® and Langevin dynami¥. In the NoséHoover thermostat

method®&P*#4188 the system temperature is maintained by extension of the system to contain an
additional compnent which has momentum and so can act as a store of kinetic energy. This
component, the position of which is described by the single coordinate s, disconnects the kinetic
energy of the wextended (real) system from the total kinetic energy of the sysiwing it

to be changed such that the real system has the desired temperature. The effect of the additional
component in its onrdimensional extension of the system is to apply a varying but

deterministic masdependent force to the particles similaatfriction force, which controls the
momentum and speed of the particles in the real system and therefore the temperature of the real
part of the extended system.
(65) TY Qi
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Wherep is the momentum of a particle with positioin a system where the real part has a

1.57

total internal energy of U and s is the position of the additional component at®fif&t

In this project, Langevin dynamics was used to maintain the temperature of thermodynamic
integration runs. In this method a constanttiit force is applied and there is a random

perturbation.
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Whereais a coefficient of friction and Xs a random variable distributed normally with mean 0

P ® 1.58

and variance equal to twice the product of the friction coefficient, the mass of the attime, m

Boltzmann constant, k, and the temperature, T.
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1.4.2.4.2. Constant Pressure

The pressure in a system is described by the virial equation:

s Y'Y p .
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Where P is the“bressure, R is the universal gas constant, T is the temperature in kelvins, V is the
volume and the particles, i, have positipand a force on them &'®. The angle brackets

indicate the pressure is the Boltzmann average over all possible microstates of the system.
For a single simulation trajectory frame:
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The part of mc;l'ecular dynamics simulations in which data is collected is typically performed at
constant pressure because, in the real world, pressure is exerted on systems by their
surroundings causg them to equilibrate at atmospheric pressure. In a simulation, the volume of

the periodic box occupied by the particles is changed to maintain the pressure.

Berendsetf®"3)%%! describes a simple system of pressure contxailving a pressure bath
where coordinates are adjusted to effect the necessary change in volume when the pressure

changes and the AMBER software used in this project uses such a Hfétfod

R N q . R
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The rate of change of the volume is proportiondhtodifference between the pressure of the

system, P, and the (Jfipfitessutdebaime ptepsupwe,) sPt he
compressi bil it yisacbnstanhdescribiggshte degreeaohcduplidg between the

system and the bathh@& rate of change of the volume is proportional to the difference between

the current system pressure and the target pressure.

As with the Berendsen thermostat, use of the Berendsen barostat does not ensure correct
sampling of thasothermailisobaric ensetvle in NPT simulations andlwer, better methods of
pressure control exist. For example, as with the Nosaver thermostat, the system can be

extended to contain an additional moving component. The moving component occupies a



volume (due to its velocitygnd consequently it occupies part of the extended system, pushing

the real part of the system into the correct volume for the desired pré¥Séfe

A system is usually equilibrated under NVT conditibe$ore a constant pressure run is started
to ensure that the initial scaling when the barostat is enabled is not very large, destabilising the

system®®.

1.4.3. THEORETICAL ESTIMATI ON OF BINDING AFFINI TIES

In this project, binding affinities were initially estimated using thermodynamic integration and
then later using the implicit solvent MIMBSA and M-GBSA methods. Gilson and ZhSti

and Foloppe and Hubbafdreview some methods by which the relative binding energy of
ligands can be estimated including these methods.

Comparing simulations of two systems, each with a large phase space is inaccurate as their
phases spacasight have been sampled differently in each simulation. High energy states are
particularly problematic because they occur rarely but can make a significant contribution to the
potential energy of a systéffi**4*82 Furthermore, the high potential energy states of a
proteinligand complex include states in which the ligand is far from the protein surface. In such
states it is debatable whether the ligand is still bound and therefore wihetiséate should be
considered when calculating the energy of the prdigimd compleX’>. Thermodynamic

integration and implicit solvent technigues are methods that enable a fairer comparison of

simulations involving different ligands.

In the MM-GBSA and MMPBSAimplicit solvent methods, the solvent molecules are not
modelled explicitly (individually). Instead, the solvent is treated as a contfi#ifA. This

decreases the number of particles, significantliyceng the size of the space to be sampled. As

a result, comparing simulations of different ligands is fairer because the results are less likely to

differ due to differences in the configuration of the solvent.

In the thermodynamic integration method, thenber of particles is not reduced; rather,
particles are shared between the systems being compared to ensure that they take similar paths

through the phase space.

1.4.3.1.Thermodynamic Integration

yyo Yo y'o "0 "0 "0 "0 1.63
WhereppgpG i s the difference in the free energy
ener gi es Qgfadndgp®egs p&cti vely. opG is equal
bound state (&oung@nd Gnounarespectively) minus the free energy of the unbound molecules
(Gafree aNd Gafree)-



As shown inFigurel.14 and Equatiori.64, the difference in binding energy is equal to the
change in free energy if ligand A were to be transformed in the binding site into ligand B
( eeboungd Minus the change in free energy if the same transformation were to be performed

withtheligandunbond, fr ee jwhhe).SOl uti on ( pG

v v
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Figure 1.14: A Bordwell thermodynamic cycle to show how thermodynamic integration allows a
free energy of binding to be estimated using thermodynamic integratiomwo ligands are shown, A
and B, both free in solutioffAqee and B;e) and bound to the protein (Angand Byoung. The difference
between the free energy change when ligand B is transformed into ligand A while bound to the prc
and the free energy change when ligand B is similarly converted to ligarteA free in solution is
equal to the difference in binding energy between the compounds.

In reality, there may be no mechanism by which ligand A could be transformed into ligand B,
but such modifications can be studiadilico. In thermodynamic integration, simulations are
performed at various points along the reaction coordieaf#,the alchemical transformation
both for the bound ligand and the free ligand. In each of the simulation, the first derivative of
the vibronic potatial energy with respect to the reaction coordinatgge- js calculated.
Numerical integration of m/d a-betweere=0 (the starting system containing molecule A) and

=1 (the final system containing molecule B) yields an estimate of the overall change in free

energy G  (asBGndO I AGBR)
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The pressure and volume are assumed to be constant so the change in vibronic potential energy

(which is a change in Helmholtze energy) is equal to the change in Gibbs free eneg@g)y. (p

The (arithmetic) mean derivative of the potential energy from the trajectory frames analysed is
assumed, making the ergodic assumption, to be an estimate of tnad&ultaverage of the

derivative.
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Where k is the Boltzmann constant and T is the temperature.
Across the simulations, atoms which exist in compound A but not in compound B have to
disappear agis increase@nd, similarly, atoms which exist in compound B only must appear.
In practice, three separate Tl steps are often used. Firstly, chargemaveddrom the
disappearing atoms. Secondly, atoms appear and disappear as necessary. Thirdly, in the final

step, the charges are put on to the new atoms.

The use of these three steps means that simulations are not carried chavgédd atoms that
ared most decoupled from the system (atoms di s
These camotentially collide when attracted to an oppositely charged atom due td#iege

insufficient Pauli repulsion after the Leonaldnes potential has been sddby o

The Leonarelones potential §8), is an AMBER force field component which is attractive at
long distances but repulsive when atoms are close together, preventing their collision.

o 0
D2 «f 01A i i
o ()
T- 11 p pl’l
L _n 167
u U
Riis the distance between atoms i and j, U is

a n ¢ is the distance at which the potential is 0. If atoms become close together, then the
LeonardJones potential can suddenly become very large caus@rgjnhulation to destabilise.

Even without charges, atoms may, by chance, become close in the course of their movement. In
addition to performing the transformation in three stages as described, the Lénmesd
potentials are usually replaced by what@aled soft core potentials. These are Leotdanaes

potentials with an additional ter m, U, to en

repulsive terms is always of some magnif§#g’*ear118)

The Leonarelones potentials for the disappearing and appearing atoms are as follewaal h
LeonardJones potential energy is the sum of that of the disappearing atoms, the appearing

atoms and that of the unchanged atoms (calculated as normal).
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1.4.3.2.Implicit Solvent Methods

Water molecules weriacluded in every simulation performed in the course of this project.
However, later in the project, two implicit solvent methods, where the solvent is modelled as a
continuuni®®*? were used to estimate binding affinities. The explicit water was removed from

the recorded trajectories prior to analysis.

1.4.3.2.1. The MM-PBSA Method

In the molecular mechanid®issionBoltzmann surface area (MIMBSA) implicit solvent
method (figure 3} a thermodynamic cycle is employed; the free energglufion for the
ligand, protein and complex are used to convert a binding energy pradigsazlioto one for

in solution.
AG....
Ligand,, Protein,, (Ehomplex'aq,
AGT AGET AGE
Ligand ., Protein g, Complex (g,
" AH,.~TAS:.,

Figure 1.15: The Bordwell thermodynamic cycle used in the MMPBSA method The free energy of
binding in solution fﬁli % )dés determined from more easily calculable energies, namely, the free en
of binding in the gas phasé‘ﬂ!ﬁ_'-ﬂf’ﬂ!ﬁ}.and the free energies of solvation of the ligand, the
recepor and the compleﬁfvj I_ # ;ﬂ &:; :,Ian'dffffu': respectively. This diagranak been adaptec
from a published figuré®.

The total free energy change of solvation can be modelled as the sum of two components, an

electrostatic componerdG.e, and a nofpolar componentGnonpolar

YO YO YO 1.70



When a species becomes solvated, the dielectric permittivity of the region surrounding the
atoms changes. In the MRBSA method, the Poissd@oltzmann equation is used to calculate
the resulting change in electrostatic potential around the species. an issed to determine

the change in electrostatic energyzeieo

0 g O Y%0 171
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Where gis the charge of atom i at positiorexperiencing a change in electrostatic potential of

i (r;) °%P292P507) Calculation of the change in electrostatic poterisi discussed in more detail

below.

The solvent accessible surface area of the species is used to estimatepblamoomponent

of solvation,qGnonpolar

YO ro® 1.72
Where A is the solvent accessible surface areaand b are empirically derived constants

(which can be used with any molecule).

The solvent accessible surface area indicates the size of tRmlasrcomponent becauites
roughly proportional to theumber of water molecules in the first solvation shell around the
specie¥®%%) Two factors contribute to the nguolar component of the free energy of
solvation, an energetically unfavourable cavitation compowgsyg,, and an energetically
favourable, van der Waals componeyE,q'*®, both of which are proportional to the size of

this first solvation shell.

YO Yo YO 1.73

Gy accounts for the decrease in entropy of solvent molecsltéges are forced out of the

volume to be occupied by the solute and into a more dense and regular arrangement in solvent
shells around the soldfé The vdume of a complex is roughly equal to the sum of the unbound
protein and unbound ligand volumes so any dependergggfyo.-0n species volume should

be largely cancelled out whepS,onpoiariS USed to calculate the binding energy of a ligand for a
protein.

aqGyaw is the free energy change due to van der Waals forces (instantaneousndipoel
dipole attractions and Pauli exclusion principiéated repulsions) the form between the surface

of the solute and the first solvation shell of solvent molecules.

Returnng to the electrostatic component from Equafioi®, Ggg, calculation of the
el ectr ost a(t)jrequirpscatpartial tdiffeaehtial eqilation to be solved. If the dielectric
constant of the medium were the same througtieusystem (independentyf then the

following form of the Poisson differential equatt8i¥®®® could be used.
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Wherey ) i s the char ge de n®liintigatessapplicationoftsedélhe per mi t t i

squared operator (Equatidr24) which is equivalent to finding the gradient in the x, y and z
directions P operator) and then finding the gradief each of these gradients aamitling these

second derivativeesults P-).

It is assumed when using Equatibid4 that the change in dielectric constant across the system
is uniform when solvation occurs. In praetiche dielectric constant is position dependent due
to the motion of mobile charges down the electrostatic potential gradient when the permittivity
changes. A term based on the Boltzmann distribution must be introduced to account for this
effect.

nRO%O WIOE#BD 1 "Oh 1.75
wherea is known as the Debyiickel inverse lengtfi**®®*)
“0Q O
pca@ -y
Where | is the ionic strength, T is the temperature and e is a constant, the charge of a proton.

I 1.76

Equationl.75 can be simplified further, when the electrostatic potentials are very small
(6o OsL 'Q)because

i P 0 LW
OEWE-Q Q —_— W —
C ¢ pA ®

Where e is the base of natural logarithms.

—— E @ 1.77

The result is the linearized PoissBoltzmann equation.

nRO%O Wl % 1“0 1.78
This linearized equation often gives good results even @#&rOsis of a similar size t&™*¥
and it isthe form of the PoisseBoltzmann equation used to predict MRBSA binding
energies by the mmpbsa.py program of the Amber suite, which was used in this project.

1.4.3.2.2. The MM-GBSA Method

The Molecular Mechanie&eneralised Born Surface Area (MGBSA) method of predicting
the free energy dfinding in a solvent is similar to that of the MRBSA method with the
difference that the free energy of solvation is calculated using the Generalised Born equation

rather than the Poissdoltzmann equation.

I n Bor nods mo'l eharges &re treaidd msdons sormounded by a spherical solvent

cavity of equal and opposite charge.



For a single ion,

n 1.79
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Where G is its electronic free energy, q is the charge of the athsrthe relative permittivity
of its environment and R is the radius of the cavity in the model, which corresponds to the van

der Waalgadius of the charged parti¢t&">*?.

For a system containing many particles (represented using i and j below), the electrostatic
energy comprises this Born solvation component (from Equéati@) plus the energy of the
Coulomb interaction between the patrticles.
O P ﬂ P n— 1.80
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Where j is the distance between particles i and j and Bie effective Born radius of the

particle.

In the model, solvation of an ion is likened to bringing the particle from a vadiiiato the
solvent sphere, which has relative dielectri

i r
YO ,Y p

When multiple particles are considet®§>%®),

Y'0 P E ﬂl_rl g nV 8 1.82

The Born radius must be continually recalculated for particles in close proximity to others.

P P .

L 1.83
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Where | is estimated using the function

0 ﬁ P oy 1.84
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Where the integral is limited to the sohkgecupied volume and the atom i is at position
55 T[200.

Equationl1.83leads to underestimation of the Born radii of atoms buried in a macromolecule.

To account for this, other functions have been proposed. In this project the following function of

| 200

Onufrievet al=" was tested (69 to see if it improved results.

O (.%OAH H Ty rw 1.85
WhereU , b and o are empandically derived const a
w OO 18w 186

The 0.09 was empirically derived by Onufrietval.



1.4.3.3.Entropy and Normal Mode Analysis

The change in the internal entropy of the ligand and protein upon binding is not normally
included in an MMPBSA or MM-GBSA calculation. However, this entropy change can be
estimated using Normal mode analysis and then multiplied by the temperaturerordetes
effect on the free energy of binding. Consequently, Nommaleanalysis will now be

introduced, starting with an explanation of the partition function.

The entropy of a system, S, is, by dwhithi ni ti
the elements of the system can potentially be arrafij&d

Y Akl T ¢ om 1.87
Where k is the Boltzmann constant.

By definition,
O O YYR® O YYRwY 1.88
where H is the enthalpy of a systemisGhe Gibbs free energy, T is the temperature, S is the

entropy, p is the pressure, V is the volume, F is the Helmholtz free energy and U is the internal
energy®1%9),

The entropy of the Universe as a whole, a closed system, is always increasing. Over time, the
free energy (energy which can do work), G is convertedaiotal energy which cannot do
work, TS in formulal.88.

"r"Y uYnY no
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Where Q is what is termed the canonical partition fun&BH#°. It is evident from Equation
1.89that, for a system of constant pressure and volume, the partition function (Q) is the
reciprocal of the factor by whialp would be increased if all of the free energy of the system

were to be used to do work (so F became 0 and Q became 1).

The canonicapartition function, Q, can also be described as the sum of the Boltzmann factor

for all of the microstates, i, of the system (the different quanta of Helmholtz free etiettuy,

system can hav&y®*?:

v Q 1.90
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Where Ris the probability of the system being in microstate i (and have Helmholtz free energy
@165@12)

In quantum mechanics, some states have a limited occupancy. For example, the electron orbitals

of an atom cannot contain more than two electrons.rektsiction affects the distribution of
particles between the possible energy states of the system and its inclusion in the partition
function Quanwumbelow, is achieved using an additional variable, the degep€naaximum

occupancy) of microstate i;.g

0 “QQ 1.92

To understand how the entropy of a system can be estimated by Normal mode analysis, it is
useful to express the totahtropy of the system (S) in terms of the molecular partition function,
hereinafter denoted by Z. This is the partition function for one of the molecules in the system
(as opposed to the system as a whole). (The molecules are assumed to all be iddmgical in
example.)

From Equatiori.89,

oy Y a3 5 1.93
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For a system where the particles are distinguishable,

ny _i D & 1.94
Where S is the entropy and N is the number of moleciifés?.

In reality, identical molecules are indistinguishable so the number of unique ways they can be

rearranged is reduced byaxfor of NF°1P53),
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The total internal energy of a system, U, can be expressed in terms of the molecular partition
function. To do this it is necessary to express the partial derivative of the molecular partition
function at constant volumen t er ms of t he e n e, amgyhe midrostata ¢ h

degeneracy,;g

mi



From EquatiorL.90?*184)
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Using equatiorl.99°**? o substitute U in Equatich96 yields’**>?
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In this project, Normal mode analysis was used to estimate the relative vibrational and
translational entropy of the ligand and protein when free and when bound together. Normal
mode analysis is thidentification of the harmonic modes that a molecule can have, concerted
atomic motions in which all of the nuclei are moving in pAE&E®. Only these oscillations are
stable. There is only one harmonic mode that correspmnlanslation, the mode in which alll

of the nuclei are moving in the same direction. The others are internal vibrations, vibrational

modes.

WhereS,;, is the entropydue to the vibrational modes,
B 1 .
Y 0 QY ——— I & 1.101
Ty
Where Z;, is the vibrational molecular partition function. The entropy can now be expressed in

terms of the partition function,,Zof each vibrational mode,°®*62)
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Analysis of a structure such as a molecular dynamics simulation snafietastthe frequencies
at which a molecule will vibrate in each of its harmonic modes to be determined. This allows Z

to be calculated for each mode and thus enables calculation of the entropy.

In this project, Nmode in the AMBER package used to perfoeNormal mode analysis. It

first uses the Cerjailler algorithn?® to identify the second derivative of the potential energy
(with respect to position), for each of the atoms in terms of the positions of all of the other
atoms. The result of this calculation is ax@ matrix (where N is the numbef nuclei),nd & h
where each matrix element is the force an atom exerts on another multiplied by the geometric

mean of the masses of the two at&iif§"®.
To find the Normal modes, an equation is defiméich enforces harmonic motitifiPP27427)

-3¢ L dicg 108 1.104

WhereM is a diagonal matrix containing the masses of the atoms (sb = 4 1 isa

matrix containing the forces each atom exerts on each o#kiery, column matrix containing

the energy associ at g (he eigenvdluesy andsha matrix(thma | mo d e,
eigenvectors) which attributes each force component to onererahthe normal modes.

The energies associated with each harmonic of a niha@ee multiples of the energy associated
with the fundamental frequency of thmbde, 4, (if thevibrational zero point energy is
regarded as B P27220UP07PI8930q 7 can be calculated frof*(P*8s)
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1.5. Molecular Dynamics Simulations and The p53 -Mdm2 Interaction

1.5.1. SIMULATIONS WITH OLI GOBENZAMIDES

Performing what appear to have been the first binding affinity predictions for Mdm2 made
using altatom, explicit solvent molecular dynamics simulations, Feftex**> demonstrated

the successful application of thermodynamic integration (TI) to oligobenzamide inhibitors of the
p53-Mdm2 interaction. Their study focussed on six molecules with side chains linked through
oxygen. This project builds on their work, testing a much greater ewaofilcompounds to

determine if such simulations are of practical use with the larger chemical space now
synthetically accessible to our collaborating chemists. Included are 31 already synthesised and
tested molecules where side chains are attached \aartide group nitrogen.

Fuller et al1"%%03

report how an oligobnzamide appears to be stable when bound to Mdm2 in an

antiparallel orientation in addition to when parallel to the alignment of the bourldeti%3

Their results are based on simulations starting from docking poses generated using Autodock

where a smallocking grid was used, forcing compounds to bind close to the binding site. In

my work, the greater speed of Autodock Vina permitted a far greater number of compounds to

be investigated and for them to be docked quickly without restriction of the seaothet to

the binding site. This enabled key assumptions to be tested, such as the hypothesis that

oligobenzamides bind in the p53 binding site and the assumption that, if and when they do, they

bind with each side chain positioned so as to mimic a p53deg e . Full erb6s suggestior
specific combination of side chains could dictate whether parallel or antiparallel binding is most

efficient, is also investigated.

Fuller et al.used torsion parameters intended for use with sulphur to model the ilgcafao
hydrogen bonding between the side cHaiking oxygen and amide group hydroge®%p In
this project, more recently published parameters for use with oxygen were tested to see if they

also yielded stable simulations.

The results of Fulleet al.suggested that the effect of multiple side chain modifications could
be predicted in a single Tl analysis in which all of the side chains were simultaneously
transforme®>. However, predicting the relative affinity of a large number of molecules by Tl is
still impractical. The paradigmatic model of an oligobenzamide inhibitor in which each side
chain mimics a single amino acid suggests that side chains couddimdgipendent

contributions to the binding energy which could be summed to predict the relative binding
energy of a compound with any side chain combination. In this project, | investigate if this
independence is observed or whether the concerted traasimnrof all side chains is essential

if accurate affinities are to be obtained.



1.5.2. OTHER SIMULATIONS OF THE P53-MDM2 INTERACTION

Molecular dynamics simulations have been used extensively to study tiddns3

interaction.

The p53 residues Phel9, Trp23 and2&@are known to contribute significantly to the binding
energy of the p581dm?2 interactiof’. EspinozaFonsecatal.”® studied the duration of
interactions between aromatic residues of p53 and Mdm2 and concluded that interactions
between Phel9 and Trp23 of p53 and Tyr51 and Tyr63 of Mdm2 played a kay role
recognition. Vermat al?* have investigated how the polyphenols quercetin and taxifolin bind
to Mdm2 and how they might displace p53 from the binding site by disrupting its interaction
with the side chain of Tyr51.

Alanine scanning has been performed onip53lico using the MMPBSA method to estimate

the affinity of mutated peptid&S. In such experiments, a simulation of the protein is performed
for each residue with the residue side chain replaced by a methyl group. Applied to p53 in the
human p5avidm2 interface, the method correctly ideietif Phel9, Trp23 and Leu26 as

residues critical for bindind®. Zhong and Carlséff performed alanine scanning on Mdm2 and
identified Leu54, lle61, Met62, Tyr67, Glu72, Val93, His96 and Tyr100 as important for p53
binding.

Ding et al?*” used quantum mechanical simulations to study the key interacting residues of
p53Mdm2. They identified p53 residue Leu22 as also important; although, they concluded that
ovenall the p53Mdm?2 interaction was driven by van der Waals forces rather than specific

residueresidue interactions.

EspinozaFonsecat al?*® used molecular dynamics to compare the dynamics of Mdm2 with
and without bound p53. Their simulations reveal that p53 stabiliséiexitde p53 binding site
of Mdm2 when it binds. Josept al*® investigated how the Mdm2 binding site is more flexible
thanthe Mdm4 binding site, a feature which appears to allow N8ttim bind much more

strongly to the former than the latter.

129 used simulations, as well as NMR, to investigate whether the second of the two

Shanet a
p53 transactivation domain subdomains interacts with Mdmaddition to the first subdomain,
which contains Phel9, Trp23 and Leu26). They found that it did, but did not undergo binding

induced folding like the first subdomain does.

Dastidaret al?*° have discovered that thetidrminal part of Mdm2 can influence p53 binding
through its effect on the conformation of Tyr100. Dastigtaal ** have also used simulations to

study thedynamics of the first 24 residues and how these dynamics are influenced by Ser17



phosphorylation and mutation of Serl7 to aspartate. Because-ti#imMal region can block

access to the pS3inding site it is absent from the constructs used in thigr§82).

Using Brownian dynamié&, ElSawyet al?*®have investigated the binding of p53 and a Nutlin

to both Mdm2 and Mdm4 over a longer timescale than can typically be studied in a molecular
dynamics simulation. Specifically, they studied thagsrant interactions which p53 forms with

each protein prior to formation of the stable bound state. p53 appears to interact with the N and

C termini of Mdm2 before it reaches its binding site.

In this project, implicit solvent methods including the MBBSA method (88) were used to
predict the relative affinities of oligobenzamides for Mdm2. Géteal 2** describe their use of

the MM-GBSA method to predict the relative binding egies of four small molecules (a
benzodiazepinedione, a chromenotriazolopyrimidine, a Nutlin and an imidazolylmethylindole
derivative) for Mdm2. The results correlated well with previously published, experimentally

determined binding affinities.

The aim @ this chapter has been to introduce the motivations for, background of and theory
behind this project, in preparation for the subsequent results chapters. This chapter does not

introduce the statistical methods employed in the project; these can barfd@pukbndix A
(p290.






2. In Silico Predictions Suggest Oligobenzamide Side Chains Do
Not Make Independent Contributions to the Binding Energy

2.1. Summary

This chapteconcernghe docking of oligobenzamidé@sto thecrystal structure of Mdmz2, the
simulation of these oligobenzamides bound to Mdm2 and analysis of the results to discern the
complex relationship between the choice of scaffold and side chains and the binding pose and
predicted affinity of an oligoenzamide.

The paradigmatic model of oligobenzamide binding places the chains of the peptidomimetic in
separate binding pockets, those usually occupied by the side chains of p53 residues Phel9,
Trp23 and Leu26. Initially, such an arrangement was assundetth@iproperties of a side chain
within each binding pocket likely to increase the affinity of a bound oligobenzamide were
identified. Specifically,ie ZINCdatabasea database afommercially availablemall
molecules, was used to generate side chaitéch could potentially be added to an
oligobenzamide scaffold and then,silico, these side chaingeresystematically attached to a
dockedoligobenzamidend docking scoresere obtained. The docking scores of
oligobenzamides which differed in their gidhain at a single side chain attachment position

were then compared to attribute the differences in score to side chain properties.

It was not possible to test the predictions made using the ZINC database due to the large number
and synthetic intractality of the compounds. Consequently, subsequent work focussed on the
analysis of a smaller number of molecules and the production of more accurate binding affinity

predictions using molecular dynamics simulations.

All-atom molecular dynamics simulatioofsoligobenzamidedemonstraté that stable
stimulationscouldbe started fronthe poses generated by dockoiiggobenzamidginto Mdm2
from PDB (vww.rcsb.ord®) structure 1T4FThermodynamic integratiofTl) wasused to



modify the side chainsf an N-alkylated oligobenzamid&(the N1scaffoldmolecule shown in
Figure2.1, p102) and the results were usedpmduce a set of predicted affinitifes 31
compounds which had previously been synthesised and for \elhicratory datavas available.
Tl wasalsoused to investigate the effect of attachment atwdificationin the O1 and$1
scaffolds(Figurel.6, p36) and to investigate the importance of certain scaffold torsion
parameters for the accurate prediction of binding affinity.

The correlation between experimental and predictedtsdeunthe 31 small molecules based on
the N1 scaffoldvas statistically significant but smaB8ubsequentralysisof more extensive
docking results by logistic regressisnggested that side chaihanges permit a wide variety of
different binding posesa possibility alluded to by Fullef. Theresuls implied that, for
oligobenzanides, binding energy was a property of the combination of side chains rather than
being the sum of independent contributiatisibutable teeach side chaifhis finding

advocated a new approach whereby side chain combinations as opposed to inddedual si
chains were tested.

The large number of possible side chain combinations meant that, to investigate each one, a
method which enabled a binding affinity to be derived from a single simulation was required.
TheMolecular Mechanicfoisson Boltzmann Surfa&drea MM -PBSA) andMolecular
Mechanics Generalised Born Surface Afédi(-GBSA) implicit solvent methodallow this.

Prediciedbinding energiegenerated using these methods were more closely correlated with
experimental resultdiowever, the correlatiowas only moderate. Future work would ideally
use long simulations but the necessity to carry out simulations for every combinatorial library
member in different binding poses could make this impractical. A possible compromise would
be to treat each combitian individually when docking and then, once the likely binding site of
each possible ligand had been identified, investigate each side chain individually within each
binding site. To investigatie interaction of factors which could affect affinstgdtest whether
side chains made independent contributions to the binding energy both overall and within a
particular binding pose (as assumed in the aforementioned propositedifitions were made

for a large number of compounds based on different sdafosidanalysis of variance
(ANOVA)*** wasperformed.

ANOVA tests are more reliable with complete data (when side chain interactions are being
investigated, results for every possible side chain combination); however, the production of
poses within a specific site for every member of a combinatidoialy is a challenge. Initial

testingwithGa |l kyl ated oligobenzamides used docki

ng

docking) to ensure that a pose was generated for every library member close to the paradigmatic

binding pose. However, trajectory aysis with the MMPBSA method yielded positive free

energies of binding, which suggests that the results were unreliable. Consequently, subsequent



work used standard docking results from which poses within four specific and common binding
poses were identdd and the problem of missing data (having no binding pose for some

molecules) was solved using impution.

The ANOVA results suggest thtitere is a statistical interaction between the side chain choices
when treated as ANOVA factors. If binding posessagregated by binding position prior to
analysis, a small interaction is still observed, indicating treiforementioneéhteraction

between side chainsii®t solely due to the influence of side chains on where binding accurs

However, the extent of the interaction is much reduced.

At the end of this chaptewhichdescribeshe entirety of the computational wagpkrformedn

this project, it ishypothesisedhat the lack of a high correlation between computational and
experimatal results could be partttributableto error in the laboratory assay used for
predictionvalidation. Theneed for an orthogonal method to assess binding affmity

highlighted The development of such an assay is the subjechapt@€r 3Thevalidaion of

predicted bindingposes is also proposed due to the variety of poses predicted by docking. Small

molecule binding positions can be probed using NMR and this is the subject of Chapter 4.
Key research outcomes described in this chapter:

9 Identification using FlexXof the properties of side chains in fBkel9, Trp23 and
Leu26 binding sites associated with increased binding affinity, most notably the need
for a large side chain in the Trp23 site and a flexible one in the Leu26 site.

9 Discovery that oligbenzamides can bind to Mdm2 in many different places depending
on the choice of side chains.

9 Discovery of a robust, moderate correlation between the predicted and experimentally
determined oligobenzamide binding affinities for Mdm2 when using impliciesblv
methods.

9 Discovery that the is astatistical interaction between the effects of sidainsat
different positions on the affinity of an oligobenzamide within a particular binding site
butthat this interaction iselatively small in magnitude.

9 Idenification of oligobenzamides where side chains are attached through sulphur at the
ortho ring position as warranting further investigation due to the availability of
parameters for this scaffold and the stronger binding of this scaffold relative to the
corresponding one with oxygdimked side chainsuggestedby thermodynamic

integration results.



2.2. Methods

2.2.1. PDB STRUCTURE PREPARATION

Compounds were docked into a static structure derived from(Ri.rcsb.ord®) structure

1T4F. Structure 1T4Features Mdm2 bound to a peptide with a sequence resembling that of

the p53 transactivation domain. The p53 peptide was removed by manual editing and the
remainingstructure was protonated using the H++ server (http://biophysics.cs.vasdu/)

appropriate fopH 7. The server was also used to predict the orientatisidle chain amide

groupsand he i mi dazolyl group or i enhisidne.pp and U/
values were calculated usitige defaulinternal and external dielectric constants of 6 and 80
respectively and the salinity watso leftatits default value, 150 M.

2.2.2. COMPOUND 3D STRUCTURE PRODUCTION

2.2.2.1.The scaffolds and side chains

All of the compounds investigated in this project have a core structure corresponding to one of
five scaffolds, the N1 scaffold, the O1 scaffold, the S2 scaffold, the O2 scaffold or the S2
scaffold. These are shownhigurel.6 (p36).

Thecompounds shown iRigure2.1(p102 , herei nafter referred to
are based on these scaffoldd. & themhave the side chains benzyl, napthylmethyl and

isobutyl. These correspond to the side chains of the amino acids Phel9, Trp23 (aetually 3
indolylmethyl in tryptophan) and Leu26 of p53 so these molecules might be expected to bind
tightly to Mdm2.

Rough3D structures of these molecul@sput asDaylight SMILES'® weregenerated using
Obgen, a program of the Open Babel open source suite of$oitisversion 2.2.3)". The
stereochemistry of the molecules was checked where applicable. Then, these were minimised
using the Obminimize program of the same suite. The mmff94s forc& fisls used. Up to
10,000000 st@s of conjugate gradient mininaigson wereperformedwith Obminimize. The

required convergence for termination prior to the maximum number of dyeileg reached

was set to 3110° kcal mol™ A™*. The number of steps and convergence were increased from
their default values of 2500 anél10° kcal mol™ A because it was thought that further
minimisation of the small number of side chains might reduce the amoumeafaquired to
minimise each member of the large combinatorial library subsequently produced by the

attachment of these side chains to a scaffold.
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Figure 2.1: Model compounds for each bgoamide scaffold,which were used as the starting point
for further modification to produce all of the compounds testedFive compounds are indicated, the
N1 starting molecule, the O1 starting molecule, the S1 starting molecule, the O2 starting molecule
S2 starting molecule. The bonds shown in red were the bonds cut to modify the sideiclesiss
otherwise stated. Dashed lines show the location of the intramolecular hydrogen bonds present in
scaffolds with Glinked and Slinked side chains.

The five moleculeshown inFigure2.1 were used athe starting point fo generatingll of the
oligobenzamidestructures discussed in this project. In initial work using the ZINC
databasg®??° chains were modified using the hitifroughput screening software ReCore and
the docking software FlexX (BioSolvel'. (Seep106for details.) However, in subsequent
work, which will now be describednolecules containing the side chains to replace those on the
five starting moleculstructureqFigure2.1) were generated usir@bgen and Obminimize (as
described above) and thdretside chains were spliced on te®f the fivestarting molecule
usingcustom software (Side Chain Splicet0p). The side chains are shownHigure2.2.
Theywere selected on the basis of the compounds the collaborating chemistry aplovgde

or planned to synthesise. Minimisatiaith Obminimizewas repeated after $ghg using up to
10,000 steps of conjugate gradient minimisation with a required convergelick0dtkcal

mol* A,

The 3D structureof each side chain was generadtdched tane ofthe units shown ifrigure
2.3 (p105) before it was spliced onto one of the scaffold structdresse units were used to
promote establishment of an extended side chain conformations which would not sterically

clash after subsequent attachment to the scaffold.
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Figure 2.2: The side chains used in this projectDifferent investigations used different sets of side
chains. The set used in each investigadicngiven in the results section. The R group is inductively
electron withdrawing because the atom attaching the side chain to the scaffold is nitrogen, oxyger
sulphur. Consequently, for example, the imidazole isomer shown in 13 is the most stairlatjprostate
in an oligobenzamide, unlike in histidine where the side chain is attached through carbon so is sut
inductive electron donation
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Figure 2.2 continued from the previous page.

At times in this project it was necessary to choose which side dbaimgestigate at each side
chain attachment position. The number of side chains used for a particular investigation was
decided with the total required computation time in mind. With regard to each attachment
position, some consideration was given todize of the Phel9, Trp23 and Leu26 side chains
which the oligobenzamide side chains are intended to mimic. Specifgidibychainsvith two

or more aromatic rings weamly tested at the middle side chain position doeid was bias
towardsthe testing baromatic side chains #te Nterminalpositionand aliphéic side chains at
the Gterminal attachment position. However, there was also a desire to test a large chemical
space, especially where it included structures which might soon be made indaberatihg

chemistry group.

Throughout this project.onversions between Structure Data File (SDF) files (Molecular
Design), Mol2 (Tripos) and PDB formatgere performed using theaBel program of Open

Babef"’. This program was also usedpimtonaé of molealesunless otherwise stated

The Filter program from th®pen Babesuite was used fahe calculation of molecular
properties. These properties included the topological polar surface area (PSA) and XlogP. The
PSA of a species is the exposed van der Waals surface of the polar atoms in the molecule and

their attached protons. The topological PSA is an accurate estimagetafePSA calculated



by summing prealculated fragment contributiois As indicated in Equatio®.1, the partition
coefficient of a species is the ratio of the concentrations of its unionized form itagacbf a

mixture of water and octatrol, two immiscible solvents.

E
2.1
_EOAA

D
@
In similarity to the topological PSA, the XlogPis an estimate of the logP determined by the

summation of predetermined logP contributions for the different parts (in this case atoms) of the

molecule.

a For attachment to the N1 scaffold b For attachment to the other scaffolds
O (X=0)and S (X=Y9)
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Figure 2.3: The units holding the side chain, taking the place of the scaffold, when 3D structizef
eachside chainwere generated Three molecules are indicated, one to generate side chains for
attachment to the finked scaffold (a), one for attachment to thed@t O2 scaffolds (b, X=0) and one
for attachment to the S1 and S2 scaffolds (b, X!B3) signifies a terbutyl group ¢C(CHs)s). These
molecules were used to encourage the production of extended side chain conformations which wc
sterically clash vth the scaffold when attached.

3D depictions of ligands and proteins herein were, unless otherwise stated, produced using the
UCSF Chimera packaffé@ which isdeveloped by the Resource for Biocomputing,

Visualization, andnformatics at the Universitof California, San Francisco, and supported by
grant NIGMS P4i1GM103311.

2.2.2.2.Custom Splicing Software: Side Chain Splicer

Custom softwareSide Chain Splicekyasused for splicingWritten in Perl, i uses
trigonometric functions to calculate how atomsstbe moved and then to apghese

transformations to the atoms concerned.

The software accepts as input the structures ditbemolecules to be joined (in M&lformat)

and the numbers of 6 atoms:

I Thoseeither side of the bond to be cut in the first molecule.

9 Those either side of the bond to be cut in the second.



1 A third atom in each molecule whictmgether with the atoms either side of the hond
defines a plane through each molecule. These two planeth(ougheach molecule)
are lined up following splicing by rotation of the component from the second molecule
(the side chaindround the axis defined by the bond created.

Further details:

9 The first molecule is not translated or rotated so it can belatlked pose.

1 The length of the bond created is the mean length of the bonds cut. Wherever possible,
identical bonds were cut so the resulting bond was the correct length. (In other cases,
minimisation with Ambe?*?*was applied following splicing, which will have
regularised the molecular geometry.)

1 Inthe output file, the atoms of the final molecule comprise the atoms from the first
followed by the atoms from the second. The order of the atoms in each molecule is
unchanged. In this project, the scaffold atoms irsthging moleculg(p101) preceded
those of the side chains. This enabled the production of combinatorial libraries in which
the core oligoamide backbone atoms fdhtical numbering.

All of the custom software used in this project is of my own creation.

2.2.2.3.Preliminary work using the ZINC database and ReCore

As described in the results sectiod2g), oligobenzamides with diverseange of &le chains
were docked using FlexX. The aim was to identify side chain properti¢ikely to increase
the affinity of an oligobenzamide acting as a peptidomimetic with its side chains in the sites

usually occupied by p53 residues Phel9, Trp23 and Leu26.

1171side chains were tested attached to the O1 scaffold using the ReCetlerbigihput
scre@ing and FlexX docking software, tvparts of the LeadIT package (BioSolvelT) (version
1.0.2)*% The softwarenablesa set of molecules to be cleaved to produce fragments. ReCore
allows these fragments to be sgree using a pharmacophore model &fekX facilitates the
subsequertombinatorialdockingof a scaffold to with these side chains have been attached.

The filtering, screening and docking will now be described in more detail.

ZINC is a database of commercially available compouhttp:(/ZINC.docking.org?****° The
unprocessed source molecule daté8®59,338 molecules at the time) vamsvnloaded from

the ZINC databasi Daylight SMILES* format These input molecules were filtered to
identify moleales which could be used in oligobenzamide synthesis to attach a side chain. In
tribenzamide synthesisach of the three monomesssynthesised separately, a process which
includesattaching theside chain. Therthesethree monomerare joinedogetherto produce the

tribenzamideln the firstof these two steps, side chain attachment can be theou§l2



substitution using a primary or secondary hydroxyl group or halide on the side chain do
molecule as a leaving grotipThere must be only one leaving group of the same or higher
leaving group ability for the correct reaction to oc@lternatively, a R.2 reaction can be

caried out using an acyl chloride. This createsester link between the aminobenzoic acid unit
and the new side chain. If an acyl chloride group is used, there can be no group of equivalent or
greater reactivityri the moleculelonatingthe side chain.

When the aminobenzoic acid monomars joined tgetherno generate the oligobenzamjdiee

amino group of each monomer must act as a nucleophile and reatiteyitteceding activated
monome?’. There must be no better nucleophile present in any of the side chains (for example,
a sulphydryl group) bmuse this would react in preference to the amino group. In addition, no
group must be more reactive than the nucleophilic group on the oligobenzamide which the
amino group must attack. The nature of this group is dependent on the coupling agent used.
While it may be difficult to assess every side chain individually for inductive and mesomeric
effects, which will subtly affect the reactivity of functional groups, molecules with groups

which are commonly very reactive, such as those with an acyl chloridp,gran be excluded

as necessary.

Filtering was carried out with the aid of Filter (OpenBgentific Softwarg (version 2.0.2)

Molecules with a primary or secondary halogen atom, a primary or secondary hydroxyl group or
an acyl chloride group were id&red. Further filters were used to ensure synthetic

accessibility. Firstly, molecules were filtered to ensure that they did not have one of a number of
reactive groups for which filter information was supplied with the ReCore soffivare

Secondly, molecules were only used if they would produce a small sidglgh@n 50 0) .
Otherwise, the side chain added would be of an unsuitable size and the compound might be
difficult to make or expensive to purchase. Thirdly, only molecules yielding a side chain with

40 or fewer rotatable bonds were used because compounds waltisisia chains are easier to

dock and have a smaller conformational space to sample in any subsequent molecular dynamics
simulations. Finally, only molecules containing just the atoms hydrogen, carbon, nitrogen,
oxygen, sulphur, phosphorus, fluorine, e¢ile, bromine and iodin@ere used, to remove

exotic molecules which might have unusual chemidity1 suitable molecules, which could be

used to attach a particular side chain, were identified.

OpenBabef'’ was used tgenerate all of the ionisation statéghese molecules which would
predominatet pHs betweerpH 5.0 and pH 9.5 (as SMILES).

The reactive hydroxyl, halogear acyl chloride group, was removed and replaced with the
group shown irFigure2.4. The SMILES were modified using custom Python program
utilising the OEChem Python wrapper frahe OEChem Toolkit (OpentyScientific

Software) (vesion 1.4.2). This process creatbd bond shown iblue inFigure2.4.
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Figure 2.4: The structure joined to ZINC source molecules priorto ReCorecleavage Attachment
created the blue bond. The red bond was then cleaved by ReCore, so that every side chain had a
atom which could be used later to orientate it in flgloughput screening.

3D structures were generated froine resultingSMILES using Omega (version 2.3.2)

(OpenEye Scientific Softwarefhe aromatic unit attached was intended to mimic the scaffold
during structure generation and encourage the formation of an elongated side chain structure, in
the same way as the units showirigure2.3 (used in subsequent worR)he defaulforce

field was usedd variant of the MMFF94s fieftf which lacks theslectrostatic interaction

termg. Up to 400 conformers with a strain energy within 10 keal* of the minimum were

produced per molecule, subject to a maximumtime limit of 2 minutes for each molecule.

Any non-plarar nitrogen atoms were inverted and where side chains contained aliphatic rings,

different ring conformations were generated.

The 3Dstructuresvere cleavedising ReCor¢o produce fragmentd he bond cleaved is shown
in red inFigure2.4. Ultra-high throughput screening tfe possible side chain fragments was
thencarried ouusing ReCoreln ReCore the problenof finding a side chain that fitsetween

a scaffold and a protein binding pockesimplified to a search for groupsdth a particular
pharmacophore featu(ior example, a hydrogen bond donor) in the correct orientation relative
to theleaving bondredor (thedirection of thebondwhich would connedhefragment to the

rest of the molecule). In this screenirgg bxygerintroduced above using the OEChem Toolkit

was specified as a hydrogen bond donor pharmacophore feature.

Screening with ReCore is fdsecause although the possible side chains are rotated relative to
the core structure, there is no rotation about any of the bonds within the core or the side chain.
FlexX was used to dock oligobenzamides with side chains that passed the ReCore screening

process, as described in the next section.



2.2.3. DOCKING

2.2.3.1.FlexX

In initial work, fragments derived from ZINC database molecules were generated using
software from BioSolvelT, ReCot& and FlexX* (version 1.0.2)In FlexX docking, a core
fragment idirst positionedand then this core is incrementadlgpended with side chaiostil
the fully docked compounidas been produced. Each additiorejseated and the highest
scoring poses are selected for the next sfgaX®, an extension of FlexX was useddnck a
library of compounds in the form of a core structure and possible side ¢haiesated using
ReCore) FlexX uss an empirical scoring functiéfi FlexX soresmentioned hereiaregiven

in units ofkJ mol™.

Initially, the three sidehain positionsvere consideredeparately (one after the othafjhen

each side chain was tested, the core docked by the software comprised the scaffold and the other
two side chaind-lexX rotateghisinvariant, cor&componenby a few degrees to generatae a
ensemblef structures on to whh potential side chains can be joined. A&achpossible side

chainhas beemttached tmne of thecore poss, the resulting structure is optimised to generate

the final docking pose.

Poses were fiered using the software; lgrsolutionswhere the root measguare deviation
(RMSD) (p78) of the core and unmodified side chain atdros their starting positiowas less

than 2 Awere considered

2.2.3.2.Autodock 4.2

Although FlexX waaused initially there is a deficiency in the FlexX scoring function, namely,
its lack of terms to explicitly account for ligand and protein desolvation upon bffitiip430).
Consequently, subsequetticking wagperformedusing Autodock £5* andthen,later, with
Autodock Vind>% The top pose generated by Autoddaksing the O1 scaffold starting
compound Figure2.1) hasall three side chains in precisely the positions of the Phel9, Trp23
and Leu26 side chas of p53 suggestingdutodock 4dockingis accurateKigure2.8, p129

and Autodock 4 does have terms to account for desolvation.

Autodock has no feature corresponding todbebinatorial docking of Flex)Xvhich allows

side chains to be attached to a c@ensequently, when using Autodock 4, side chains were

attached using custom software (Side Chain Splid&5)pThe scaffold starting molecule

(p10)) was docked wusing standard docki,thg ( her ei
pose was exported, tis&de chains were swapped using Side Chain Sitgthenthe binding

position was optimised using Autodoc a pr ocess her elocalddckingr) r ef er

The default pseudBolis and Wets local search methidd**wasused for this optimisation.



Autodock 4requires that a 3D search space be defiDedking of theO1 starting compound

using a box size greater than the size of the protein, allowing any possible binding position, did
not yield poses around tip&3binding site PDB structurel T4F, from whichthe Mdm2

structure used for docking was extracteminprise53 bound to Mdm2. Using tteeibic
volumeshown inFigure2.5, which has sides of length 38.4 A and is centred on the alpha
carbon of Phel9 ithe p53,did generat¢he expected binding posé this molecule Rigure2.8,

p129). 128 grid points, 0.3 A apawere used in each dimensidrhis is a bigger box than was
usedin earlier workby Fulleret al®* (22 x 22 x 18 A).

Figure 2.5: The volume of the Mdm2 structure from PDB 1T4F which was used for initial docking
with Autodock 4. The cubic space shown has sides of length 38.4 A and is centiieel @lpha carbon o
Trp23 in the p53 helix in structure 1T4F (not thrown).

2.2.3.3.Autodock Vina

Docking the O1 scaffold starting molecukdure2.1) with Autodock Vina yielded the
expected pose along with other plausible arrangemente digand.

25,000 compounds with different side chains were docked using Autodock Vina to investigate
the effect of side chain properties on binding pose. Whereas it is impractical to dock a large
number of compounds in this way using Autodock 4.2, nde¢isgj docking of the scaffold,
attachment of the side chains and then optimisation of the docking pose, the search algorithm of

Autodock Vina ismuchfaster(p63).

The results of thglobal dockingevealedhat digobenzamidesould theoretically bind tthe
Mdm2 structure in many different plac€onsequently, because it enabled a wider search for
possible binding positions, docking prior to simulations,wa¢ess otherwise statguerformed

usingAutodock Vina.



Autodock Vinaadjusts the amount of tingpentsearching for the best pose according to the
number of atoms and number of degrees of freeafatiie molecule beindocked; however, it

has a setting, the exhaustiveness, which can be used to change the balance betd/aed spe
search comprehensiveness if necesdarg.makers of Autodock Vina do not reveal how this
arbitrary setting is used by the program, only that the amount okpemd searching for the
highestscoring pos&aries approximatelinearly with the vale sef®. In this project,

Autodock Vina was run with the exhaustiveness set to the default value of 8 unless otherwise
stated. The appropriateness of this setting was evaluated as discussed in the results section

(p186).

A search volume does nioave b be defined with Autodock Vina and the program clusters
poses by RMSD prior toutput in an automated manner transparent to the end?ugén
RMSD cutoff does not have to be specified and no details of the structures prior to clustering

are printed.)

2.2.3.4 Re-protonation of docking poses

To accelerate the docking proce&sfodock 4 and Autodock Vina merge all apalar
hydrogenatoms fiydrogen atmsbonded tacarbor) with thar carbon atomand treaeach
hydrocarbon unit (CH, Ckbr CH) as a single, united atom. In teckingoutput, the united
atom positions wertreatedas tte positions of the carbon atoms andrbe-polar hydrogens
wereaddedo these sing Open Babel'’. To add these protond) hydrogen atoms were
removed from the poses and tlempleteprotonation wagerformed With the exception of
somerenumbering oEhemically identical hydrogestoms on the same carbon, this method
ensured consistent hydrogen atom numbering. This ihadsier to transfer RESP charges to

the resulting poses for nemlular dynamics simulations as discussed in the next section.

2.2.3.5.Pose recognition

Autodock Vina automatically clusters poses prior to their otitpui this project, large

numbers of compounds with different structures were tested, necessitating further sorting of all
the docking results. Oligobenzamides were found to be able to bind in a disparate assortment of
conformations so further clustering was appropriate (h53). Instead, posesere

computationally categorised based on the position of the side chains and rings of theiacaffold
each moleculeelative to the binding sites of p53 residues®h Met20, Tyr22, Trp23 ah

Leuds in the 1T4F crystal structure, the structure from which the Mdm2 structure used for
docking had been extracteside chains were considered tovidéhin a pocket if the centre of

mass of the heavy atornemprisingthe side chain (evgthing excepfor the hydrogen atoms
waswithin either 3 or 4 A of the centre of mass of the heavy atoms of the p53 residue

question(The cutoff was set on a case by case basis, as indicated in the results section.)



Hydrogen atoms were not used becalibéF is a cystal structure so does not contain hydrogen

atoms due to their small cross section.

Large cutoffs were used to redudhe chance of false negatives. In a small number of cases, a
side chain centre of mass had a position such that it fell within tkeffeutf both of two

adjacent binding sites. Poses for which this occurred were discarded prior to further analysis.

2.2.4. PARAMETERS

2.2.4.1 Parameters used for FlexX docking

FlexX docking was only performed wittompounds based on the O1 scafisldown inFigure
1.6, p36). Rotation about thamide carbon taromaticcarbonbondsof the scaffold is possible
because steric hindrance prevents the amide and aromatic ring atoms from lying in the same
plane. Consequdw, the amide and aromatic ring atoms do not form a large rigid conjugated
system as is the case in benzartitén contrast, intramolecular hydrogen bondngas that
rotation about tharomatic carbomo amide nitrogen bonds the other side of the amino
groups is discouragedh@& FlexX torsion angle energies were modified sottiet more
accurately reflected these two effefable2.1). No data were available feystems withan
oxygen atom ortho to the amide gro@onsequentlypublished parameters for the
corresponding bond in thiomethyl acetanififiéwhere sulphur replaces the oxygerdre used
Fuller et al!"? whoperformedmolecular dynamicsimulationswith these parameterslaim

that thisapproximation is reasonablgting the more recentvork of Liu et al, whohave

derived torsion parameters with both oxygen and sulphur and shown theminalae

Table 2.1: The AMBER force field torsion potential parametersfor docking in FlexX

Torsion PK /kcalmol™ Phase /° N
cacan-c 2.617 0 3
0.115 0 2
4.507 0 1
n-c-caca 2.075 0 2

These parameters are not entered into FlexX; they were used to calculate theakmsmated potential
energies at 10° intervals which were then used to modify the FlexX torsion_fine.dat file. In the AMI
force field, the torsion energies are modellsthg cosine waves, each with a height (PK), phase and
periodicity (N). The first bond (the green torsiorFigure 2.6A) is best described using three of these
components. The second (the red torsioRigure 2.6A) requires only one. IDIVF=1. In subsequent
simulation work, both torsions were modelled using a single trigonometric term.

The new parameteggeneratedby Liu et al'”

wereusedfor molecular dynamics simulatiois
this project, making the simulatiohsre described the first @rtho and Gmetasubdituted
trimeric oligobenzamide simulations be performedavith the correct torsion parameters for the

bonds about which rotation is restricted duentcaimolecular hydrogen bonding.



2.2.4.2 Parameters used for Autodck docking

Although torsion parameters were modified féexX docking and fomolecular dynamics
simulations the Autodock 4.2 and Autodock Visaoringparameters were not modifiéal the

following reasons:

1. The parameters of Liet al!”® mentioned in the previous section had not been published
at the ime docking began.

2. Whereas FlexX was only used with O1 scaffold compounds, Autodock was used with
all five scaffoldsUse of modifiedparameters for some scaffolds but not others could
have introduced bias preventing the fair comparison of results.

3. The paameters supplied with the Autodock software had been rigorously validated for
use with the Autodock software, unlike any parameters they would be replaced with.

4. Docking of the O1 scaffoldtarting moleculavith Autodock 4.2 appeared to place it in
a plaudble pose with each side chain appearing to mimic the side chain of a p53 residue
(Figure2.8, p129.

5. Searching is faster in Autodock 4.2 if the torsion angles in the backbone are held rigid.

6. The end user isat expected to modify the parameter files of Autodock Vina.

The torsion angles were fixed when docking with Autodock 4 (but not Vina) in the cis
conformation so the side chains were on all on one side of the molecule. This is the same
procedure which wassed by Fulleet al?®,

2.2.4.3. Parameters used for molecular dynamics

Difficulties with synthesis of the target moleculegant thabnly a fewcompoundsvere
available for the validation afomputationatesults.Consequently, as the project progressed,
thefocusshifted fromthe generatioma large number aéstimated binding affinitiew the
production ofa smaller numér of more accurate predictions, necessitating the simulation of

oligobenzamidegdiscussed in the next section).

Parameters for simulatioeame from the GenerAMBER Force Field GAFF) (version 1.4}°
with the exception of some torsion parametéhe torsion parameters for the bonds connecting
thearomaticrings in the scaffold (threean, n-c andc-ca where ca represents aromatic carbon
and c and n represent thé-fybridised carbon and nitrog@toms of the amide group
respectively were set to previously publist AMBER force field parameters (in the case of the
amide bond*and torsions affected bgtramolecular hydrogen bondifd or (in the casefo

the can and eca torsions in the absence of intramolecular hydrogen bonderg calculated
from previously published torsional barrier heighftsThe parameters for the latter barrier
heights were calculatda subtraction othe total increase in AMBER-4 electrostatic and-4

van der Waals energies associated with going from the bottom of tier bathe top of the



barrierfrom thetorsional barrier heighiThe three torsion angles are highlighted on an
oligobenzamide ifrigure2.6A. The barrier heights were fdr(4-aminobenzamide)benzoic acid
(Figure2.6B). Thel-4 interaction energfthe sum of the electrostatic and van der Waals
components between atoms at either end of the torsion aieglé)to be subtracted because it
will be calculated and added on to the torsional energy calculatedteotorsion parameters in
Amber when the simlation is runand the final barrier height in the simulation needs to equal
the published barrier height.

: _COOH
N

H

NH;

Figure 2.6: Structures relevant to thecalculation of the oligobenzamide scaffold torsioparameters
used in this project A) An oligobenzamide with the bonds for which the torsion energies were mod
indicated with coloured arrows. The colours correspond teetsbown in the header rowTdible2.2. B)
4-(4-aminobenzamide)benzoic acid, the compound used as a model for bonds not affected by
intramolecular hydrogen bonding when calculating parameters.

The 1-4 interaction energider 4-(4-aminobenzamide)benzoic acid were calculated at 10°
intervals Figure6.4, p310 using AmberAt each 10° point,He bondbeingrotatedwas fixed
and the rest of the structunas minimised by steepest descent minimisatwery point from
0° to 350°was actually tested for both tife ca-n and ecabonds becauseéespite the apparent
partialsymmetry of the moleculd-{gure2.6B), which suggests that tlieraction energy
shoud only need to be measured for torsion angles B&no 90°, in practice some variation
was observetbr then-cabondenergy across the whole torsional spade Garboxylic acid
group on the end of the molecule was left protedahaking the compounasymmetricgland
the use of steepesestcent minimisation meant that th®0° flip of this terminal carboxylic acid
necessaryo completely minimise the energysome cases was rmssible. Wheréhe

energies fotwo torsion angksdifferedeven though the symmetry of the molecule suggested



that they shoulthe identical, the minimum energy of the two was taksnvould have been
obtained using conjugate gradient minimisation (which would have found the gibpposed

to the lacal minimum).

Table 2.2: The oligobenzamide torsional barrier heights used for molecular dynamicén kJ mol™)

Torsional barrier height /kdol™

Scaffold
CaCaC-n CaC-Nn-Ca C-n-CaCa
a b a
N1 29.2 70.8 26.0
a b c
o1 29.2 70.8 36.0
a b c
S1 29.2 70.8 42.7
c b a
02 36.0 70.8 26.0
c b a
S2 21.8 70.8 26.0
GAFF 121.3 83.7 15.1

The barriers are shown for three key bonds found in the scaffold. The torsions are described using
atom types. ficadarbpneandt &c a r-aywrdlisell catbonramd mitroge
respectively. These torsion angles are indicated by coloured arrows on the oligobenzdigdes h6A
above where the colour of the arrows corresponds to those used in the header of this table. Five d
oligobenzamide scaffolds were tested, the N1, O1, S1, O2 and S2 scaffoldBig(fe#.6 (p36) for
their structured The torsion energy parameter entered into Amber (PK), which was specified for thi
whole bond (IDIVF=1), is half the barrier height. There are two peaks per 360° rotation (N=2) and
minimum so the phase is 0. The 2ar&l 26.0 kJ mdlvalues are the result of subtraction of thé 1
interaction energy from published barrier heights. For details of these calculatidrebhte@5 (p310).
The bottomrowof he tabl e, |l abell ed AGAFFO indicates
field (version 1.4¥°. Most notable is the flerence between the @ac-n barrier height for
oligobenzamides and the 121 kJ th@IAFF barrier height for this bond, which is the result of steric
hindrance in oligobenzamides rotating the amide carbonyl group out of the plane of the adjacent b
ring'"®. References:'&b*"* ¢!’

Table2.2 shows the finabarrier heightsi s ed. Par ameters | abell ed wi
produced by subtraction of the dipteraction energy and the calculation is showhable6.5

(p311). The PK torsion parametefwhich determine the heig) are half the barrier heights

shown inTable2.2 (but in kcalmol ™, as required by Amber). For these torsions, there are two

peaks per 360° so N is 2sthe minima are at 0° and 18@e phase parametisrO.

Figurel.6 in the introduction (B6) shows the structures of the five oligobenzamide scaffolds
investigated in this project. Synthesis was considerably more successful with scaffold N1 than
scaffold O1. Consequentlig,was important to performolecular dynamics simulationsing

the N1 scaffoldInthe N1 scaffold, the side chains are attached directly to the nitrogen in the
core of the moleculeConsequently, N1 scaffold oligobenzamides with different side chains

could potentially have different backbone torsion paramefesliscussed in the introduction

(p70), because the side chains to be tested comprised both inductively electron withdrawing and



inductively electron donatingide chains, it was assumed that they did not affect the backbone

torsion parameters of this scaffold.

While the previously published AMBER parameters anchfbeementionedharrier heights
(used as a necessity due to the absence of published parametersjiginally validated with
experimental da, rigorous validation of thearametersised in combinatigrwhich was
considered beyond the scope of this PhD, would idealpebiermedprior totheir extensive
use infuture work.The results generated ing these parameteirs this project wereonsistent
with experimental results deterneith by fluorescence polarisatiosupplied by Kerya Long,

University of Leeds) as discussed in the resdtgion Figure2.22).

With regard to thaide chains, the Amb&f %% parmchk program was used to generate any
undefinedside chain torsion parameters not explicitly given inGi#d-F force field. It does this
automatically either by identifying analogoparameterfrom the GAFF force fieldnd

copying them or, in some cases, by empirical estimation. The results of the program were
checked to verify that all of the necessary parameters haddoe¢edor calculated for every

molecule.

Protein parametexsame from the f03 force fieftf. The protein was used with Gasteiger

partial charges®

2.2.4.4 Calculation of small molecule RESP charges

RESP partial chargdp70) were calculated fooligobenzamidegas a whole moleculajsing
RESP ESP Charge Deei{RED) (Version 1.3 or 111.3Y". Structures were minimised using
Gaussan 03 (release D.0%¥ or Gaussian O@release D.0F§* using the AM1 method prior to
calculation of the charges. The charges of the HaRose& molecular electrostatic potential
grid points were determined using th8 B¢ basis set.

RESP was used to determine atoemtric chargessing the ®nnolly surface algorithAt> with
restraint weighg of 0.00® and 0.001. The partial charge calculation pa$ormed sucthat
chemically identical atoms were assigmegial chargesdentical atomsvere identified using
custom sftware. (This softwareses Babel (OpenBabel) to pduce canonical Daylight
SMILES***for molecules, strings describing the connectivity of molecwiaih are
independent of the atoorder in the starting structure and which can therefore be used to

identify identical molecules.)

When side chains were swagglusingSide Chain Splicer (05, it was necessary to calculate
partial charges for the new molecule. It was often desirable to retain the coordinates of the
atoms but minimisation was required tidrarge generatioffo solvethis problem, a custom

script was usetb transfer charges from the minimised molecwigh charges assigned by



RED, to the same molecule with different coordinates, for example, the original, posed

molecule prior to minimisation.

2.2.5. MOLECULAR DYNAMICS

2.2.5.1 Creation of molecular dynamics parameter files

Before molecular dynamics simulations can be carried out in Amber, a coordinate file and a
parameter file have to be created for the complete system. The coordinate file contains the
starting coordinates of the ats. The parameter file contains moleesieecific parameters
based on the atom types present in the molecule and their connectivityortimate and
parameter filesvere generated using tHedp program of the Amber suite.

The protocol used for produch of parameter fileasing tleap

1. Theff03 and GAFForce field parameters were load@dng with ay additional
parameters for the ligargkenerated by the Amber parmchk program.

2. The modified torsion parameters (discussed abeee® loadedoverridingthose
previously set.
The potein was added to the system followed by the docked ligand
Cubic periodic boundary conditions were defined and the resulting cube was filled with
TIP3P water®®?*" Thesides of the cube were orthogonal to those of the x, y and z axes
and 10 A from the nearest atom. In the TIP3P water model, the hyebaggean bond
lengths are fixed at 0.9572 A atite bond angle is fixed at 104.5%°

5. If the system was negatively charged, Mas were added until it was neutral. If the
system was positively charged, ©ins were added until it was neutral. (The addions2
function was used, which causes the water added in the previous staiwiocered
when the lowesenergy positions for the ions are calculdted.

6. The coordinate and parameter files were saved.

If parameters were required for the system lacking water and ions or for just the protein or
ligand in isolation (for MMPBSA or MM-GBSA calculations) then the above procedure was

performed with the relevant steps omitted.

2.2.5.2 Parameter files for thermodynamic integmtion

The creation of parameter files for Tl calculations is complicated by the requirement that all
atoms except those differing between the two systems being compared have identical
coordinates. As outlined irigure2.7 below, tleap was run 3 times per pair of compounds being
compared. The initial run created a PDB file containing water and ionsiwitiis positioned

such that theyid not clash with the atoms of eitherthetwo posed ligandsTwo subsequent

tleap runs were then performed as outlined by the numbered pbousbut with thesolvent



addition step replaced by loading of the solvent anet@mrtaining PDB followed by manual

setting of he periodic box dimensions.

All simulations wereperformedn Amber 13°4??® using TIP3P explicit solvent. Solvent
molecules were removed prior to MRBSA and MMGBSA calculations using the Amber
ptraj program. Thiprogram was also used to translate atoms into the instance of the periodic

box centred on the origin.

2.2.5.3.Initial simulations

Initial simulationsof a couple of oligobenzamides (the N1 and O1 starting compounds shown in
Figure2.1, p102 were carried outo see simulations started from docking poses of molecules
were stable. These were carried osing the PMEMD program of Ambég as follows Up to

2500 cycles of minimisation were performedwhich the frist 1500 were steepest descent, the
rest being conjugate gradiefhe system wathenheated from 100 K to 300 K over 50 ns of
constant volume simulation. Then, a 5 ns constant temperature and conssurepsanulation

was performed. The Berendsen wéagrmostdf®"**¥was used throughout. For details of this
thermostat and the reasons it was used in all work except for thermodynamic integration see

p81l. A time step of fswas used to speed up the simulation pro@idéKE"?

(p77) was used

to control all bonds involving hydrogen. Slowly varying terms were calculated every two steps
during all constant volume equilibration simulations in this project (by setting the Ambeanresp
setting to 2), but on every step in constant pressure runs for more accurate simulation unless

otherwise stated.

2.2.5.4. Simulations for MM -PBSA and MM-GBSA calculations

2500 cycles of minimisation were performed in Amber 10 (particle mesh Ewald version): 1500
of steepest descent followed by0IDof conjugate gradient minimisatic@ver 10 ps of constant
volume simulation, the system was heated from 100 to 300 K before constant pressure
simulation began at 300 K. 250 ps was allowed for equilibration of compasraiscussed in

the results section {165. When investigating changing all three side chains on ttieked

scaffold, data collection was carried out ouest 250 psfollowing equilibration However,6

repeats wexcarried ouper canpound so each MNPBSA result wasased on snapshots over

1.5 ns of simulationAll other simulationanalysed using implicit solvent methagsre run for

182
E8

500 ps following the first 250 ps of constant pressure equilibréBdAKE " was used with a

time step o fs to control all bonds involving hydrogen.
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Figure 2.7: Preparation of coordinate and parameter files for Tl simulations in Amber with two
molecules of different structure Two systems areequired differing by only a few atoms. The origina
ligand (molecule 1, in its docking pose) is modified to molecule 2 by way of the side chain which d
between the molecules being swapped using the Side Chain Splicer softl@3e Qharges (originally
calculated with the unbound, minimised molecule) are then copied from the minimised instance of
molecule 2 to the splicinderived molecule 2 which has the scaffold in the same pose as in molecul
Three separate runs okthmber tleap program are carried out (indicated by the grey regions). So tl
equilibration is fast, solvent and ions"(&nd CI) for neutralisation are placed in positions where they
will not clash with either the original or modified ligand. A PDB fieproduced containing the solvent
and aforementioned ions which is then added to the protein and desired ligand when LEaP is run-
generate the parameter and coordinate files.




2.2.5.5.Thermodynamic integration simulations

Thermodynamic integration (T1) was used to estimate differences in binding affinity between
molecules with small ffierences in structure. O1 and S1 scaffold oligobenzamides with the
same side chains were compared, as were 02 and S2 scaffold moleomiesunds with the
same scaffold but differestde chains (for example duett® presence of an additional methyl
group halogen atom or alcohol group in one in one of the paire also compareéxact

details of the oligobenzamides compared can be foutite results section.

Up to 15000 cycles of minimisation were carried out prior to Tl simulations. Ttygdeswere
steepest descent, the only form of minimisation supported by Amber wiraictilations are
carried out. The maximum numbermafnimisaton cyclespermitted was increased from its
default value (to 15,000) because a large number of simulations were performed, increasing the
chance of any one simulatidailing and increased minimisation ensuthdt every subsemgnt
simulation was stabldn practice, the maximum number of cycles was often not performed
because (as in all Amber minimisation carried out in this project) a gradient convergeoffe cut
of 50 cal mof- A™* was used, which is significantly less strict than the default convergenc

0.1 cal mof- A™. Raising this cubff did not appear to affect the ability to start stable
simulations. The distance eoff for direct space calculations of throughace forces between
nonbonded atoms was increased from the default value o81& A during minimisation

(but not in the subsequent simulations).

Tl was carried out usindné sander program of Amber10 as opposed to the pmemd program
which uses the Particle Mesh Ewald method of charge calcul§pim@maddoes not support Tl

in Amber10.) A total of 50 ps of constant volume simulation was used to heat the system from
100 K to 300 K and then 150 ps of constant pressure simulation was aftoveeglilibration

prior to data collectiordD/ d e therarecorded aftervery 500 steps.angevin dynamics

(p81) with a collision frequency of 5 (pSwas used to maintain the temperature.

Transformations were performed in three steps as described béla#. fpor the removal and
additionof charges (steps 1 and &)time step of 2 fs was used with SHARHo control all
bonds involving hydrogen atomis the main transformation step (step 2), SHAKE was turned
off and a time step of 1 fs was used. Soft core poteriidt were usedn thismiddle step to

increase simulation stabilft’.



2.2.6. THERMODYNAMIC INTEGR ATION CALCULATIONS

2.2.6.1.Integration

Tl allows the difference in binding free energy between two compounds to be predicted.

As discussed in the introductory chapteB3) this is hedifference in energy betwedine
bound systems, where the compounds ardemproteinsurface, minushedifference in energy
between the unbound systems where the companedsedn the sdution (Equationl.64,

p84).

It is assumed that the difference in binding free enempG, i s equal to the ¢
vibronic potential energyn. Calculation of the difference in potential energi, between the

systems containing each compounith@ free or bound to the protein) involves the

determination of2 ) Q _at points along an alchemical reaction coordinate from 0 (the starting
compound) to 1 (the product). Integration under®@'Q _curve from 0 to 1 yields the total

change in potgtial energy (B3).

In this project, @QussLegendre integration was used to calculate the area undénjtife.
curveasit is more accurate than usirtettrapezium rufé®. Thismethodrequiresthe use of

irregularly spaced lambda points (points corresponding to the &agssdre abscissas)

GausslLegendre integration igerformedusing pointdbetween x=1 and x=1 but lambda values

rangefrom 0 to 1 so

Ab. p ., Qn 2.2
AT ¢ Q_
Where‘
C

w; is the weight associated with Gatlsegendre abscissa XThe number oflambda points used

is discussedt the bottom of the next sectipn

2.2.6.2 Transformation steps

For each @inked and Slinked scaffolds (scaffolds O1, O2, S1 and,$2¢ torsional energy
parameters for the dihedral about which rotation was restricted duestmahecular hydrogen
bonding were changed in Tl runs from 0.5 kcal below theimalposition to 0.5 kcal above
This enabled assessmenttoé importance of dihedral parameter accuragyredictingthe

binding energy of oligobenzamides. This transfdiorarequired a single step.

Tl was also used to alchemically chamgehsulphuratomin Slinked compounds ta
methanediyil {CH,-) groupand to do the same inlihked compoundsThese transformations

were carried ot in three steps. In the firgiatial charges wereemoved fronthe disappearing



atoms (most notably the oxygen and sulphur). In the secondisegisappearingtoms were
decoupledrom the systenandthe new atoms (most notabtiiose ofthe methanediyl group)
were introduced and ithe final steppartialcharges werputon the new atoms. The atom type
of some hydrogen atonetoseto the oxygen or sulphur in the starting compound chdwndpen
the transformation to a methanediyil grougsperformed The parametersf these atoms wer
changedy removalandreplacement ofhese atomalong with the oxygen or sulphur in the
aforementioned steps.

The effect of Ble chain modification was also assessed using Tl investigations. Three steps
were used unless no atoms were being added,ichwhse, no charge addition steas
neededWhen the side chain attachment atontorsional barrier heighwas changedl1

lambda points were used for removal anaddition of charges and 21 lambda points were
used for step 2, the main transformatstep. Wherthe side chaing/ere modified 8 lambda
points were used for every step.

Where21 lambda points were usdébe Gausd.egendre abscissas for n=10 and n=11 were used
(with the weights halved) as opposedtte abscissas for n=21 gwt the reactin coordinate

(8 was always betwedh01and0.99,asis necessary en soft core potentials are used in
Amber3®

2.2.6.3.Bias due to oneway conversion

When side chains were modified using Tl, many conversions were only performed in one

direction.

Given the large number of conversions which it was desirable to investigate and the large
number of simulations which are required for each conversion (repeats for each lambda point
both for the free ligand and the complex éaich of the three steps oudlthabov it was

necessary for simulations to be run which equilibrated rapidly. This was achieved by ensuring

there were no steric clashegla start of any simulation.

Firstly, care was taken to ensure that water molecules were positioned suckythegrt clear

of the ligand in both the original system and the modlifgstem. (For further details seEl.)

Secondly, the size of the ligand was never increaselebgddition of heteroatoms because this
couldcreate liganditoms in space already occupied by the atoms of the protein. Although
hydrogen atoms were addedngpounds weresuallymodified to a side chain of a similar size
(for example by converting one halogen atom to another) or modified by removal of atoms,
redudion in side chairsize. This meant that wheilge molecules being compared were different
sizes the onversion was performed one directioronly. This introduces an intrinsic biasto

the assessment of which compound is the more stable of twoskdab@ucompound used to



generate the bindingose forbothcompound (as described above) will be in its strongest
binding poseunlike thecompound produced by modificatioss a consequence of this bias,

the side chain conversion Tl results in this chagiould ideally beised for the comparison of
similarly sized ligands with a common core. For example, the results for removal of a methyl
group from the ortho position of a benzene ring could be compared to those of a methyl group
being removed from thegara position, but each individual result might not provide an accurate
indication of whether the methyl group in each case improves the affinity or not; the original
molecule (with the methyl group) is likely to be favoured in both cases, becauseghiseda

for the docking. Fortunately, there wasotwiousevidence of this bias, which woultéve led

to underestimation of the affinity of compounds with smaller side chains relative to those with
larger side chains, in tmal predictions when compared fluorescence anisotropy results

(p152).

2.2.7. MM -GBSA AND MM -PBSA

MM-GBSA and MMPBSA predictions were made usifigm Amber 10 trajectories using
Amber 11because MMPBSA processing in Amber 10 is limited to the single trajectory
approach described beloWrajectory frames at intervals of 10 ps were extracted for analysis.

2.2.7.1.Single, double and triple trajectory methods for calculation of binding free

energies

To predict the free energy of binding for a ligand, it is necessary to certigaenergy of the

free protein and ligand with the energy of their bound state. While simulations of the free
ligand, free protein and complex can each be performed (atmajétctory approach), more
accurate results can often be obtained using aesirgjectory approach, where the trajectories

of the free protein and free ligand are extracted from the trajectory of the cothpfetf the

ligand and protein explore the same conformational space when free as when bound together
then this method reduces noise because it ensures that the ligand does lexglmeetphase

space in both the free and bound states.

The suitability of the singhrajectory method depends on the extent to which the ligand and
proteinhave similar conformations whéree and when bound. The p53 binding site of Mdm2

is very flexibleand changes conformation upon binding. Furthermore, some oligobenzamides
might assume cis conformation (across the amide groups) when bound to Mdm2 so that all of
the side chains are in contact with the protein ltdrgs arrangementhenthey arefreein

solution to spread out the side chéthsHowever, in the 01, S1, Gihd S2 scaffolds there is
intramolecular hydrogen bonding which will help maintain the cis conformation in the free

ligand and compounds based on the N1 scaffold can be, for steric reasons, more stable in the cis
than the trans arrangement when unbéthid’. The uncertainty regarding the best procedure

warranted testing of a variety of methods to test the robustness of the predictions.



In this project, mgle (Equation2.4), double 2.5) and triple 2.6) trajectory methodwere

testedas indicated in the results sectibmthe double trajectory method, a sepasatailation

of the ligand in isolation is performed, but the trajectory of the free protein comes from that of
the complexIn the triple trajectory method, tifiee protein energigsom the double trajectory
method results were averageeer all of the ligads and theesult was used as the energy of the
free protein for every ligand. To reiteratiee tsame freprotdn energy was used for every

ligand so ithad no bearing on the ranking tifecompoundsas would have been the case had
proteinronly trajectorybeenperformed

YO YO YO YO 24
Yo YO YO YO 25
Yo YO YO YO 26

2.2.7.2 Parameters

MM-PBSA and MMGBSA calculations werearried out using the mmpbsa.py program of

Amber 11 (AmberTools 1.5¥%?°. However, mrameter files for the complex, ligand and

protein in the absence of solvent and ifmecessary for the MNPBSA and MMGBSA

analysis) were generated using Amber 10 (AmberTools (BA)berTools 1.4 can only make
predictions using the single trajectory approach. AmberTools 1.4 was used to generate the
parameter files to ensure that the parameters used for implicit solvent calculations were identical

to those used in the simulationg(formed before AmberTools 1.5 had been installed).)

Parameter files were generated using ti@apber 10) Prior to loading trajectories into
mmpbsa.pysolvent and ions were removed from the trajectory of the complex and atom
positions were moved intodtperbdic box centred on the origin using the Amber 10 ptraj
program.

Unless otherwise stated, default parameters were used fePBBA and MMGBSA analysis.
One setting altered in MNPBSA analyses was the required convergence of the energy gradient
in minimisation (the drms setting) which was reduced from 0.001 to 0.0001 kchAmol

because sufficient computational power was available.

2.2.7.3.Buried atom radii

One of the MMGBSA settings experimented with was the igb setting. This controls the
Generalised Bar model used. When set to 1, the original model described by equh8ans
1.84in the introductory chapter &) is used. When set to 5, a modified model is used in which
the Born adii of the atoms is increased for buried atoms to account for their radius usually
being underestimated within macromolectieThis is described by equatioh85 and1.86

(p89) wherethe coefficientd) , b ara h, 6.8 amnd 4.8®spectivel}P***9?% Formethod 1,



the atomic radii o sui and Casé® were usedPBRadii=mbondi) and for method 5, the radii of

Onufrievet al?® were used PBRadii=mbondi2).

2.2.7.4 Normal mode analysis

Normal mode analysis was usedsome case® estimate the change in entropy of the protein
andan oligobenzamidigandupon bnding. Normal mode analysisivolves prediction of the
possible ways in which tHegand, protein and complesan resonaté90). It was performed
using thenmodeprogram ofAmber 10, which is called by mmpbsa.py when normal mode
analysis is turned oWhen enabled, drmal mode analysis waerformed on every third frame
processed in MMPBSA and MMGBSA analysisOften the entropy change of the protein and
compound upon binding is ignored because normal mode analysis is conmalliaggpensive
and i inclusioncan introduce significant error becausedhkeulated entropgften varies

considerabl\betweerframe$*.

2.2.8. STATISTICAL METHODS

Extensive use of statistical methagas made to analyse docking and simulation resuttss
project. Pear s on §%ancdo rSrpeelaartnmaonnd sc o eaf nfkiwenkoer rte |
used to investigate the correlation between predicted binding energies and experimental results;
some docking results were dysed using logistic regressidhas detailed in the results section,

and binding energies predicted using implicit solvent methods were analysed using analysis of
variance (ANOVAJ™. For full details of the statistical methods usedia project, see

Appendix A(p290).

2.2.9. APPLICATION OF THE M ETHODS TO THE DATA

The methods sections above describe:

Preparation of the structure of Mdm2 from PDB structure 1T4F.
Production of oligobenzamides with different safains.
Calculation of the properties of library members and their side chains.

Docking of oligobenzamides into Mdm2.

a rc oo

Modification of the side chains on docked posesitu followed by redocking

(optimisation of the pose) of the new molecule.

6. Analysis ofhow the docking poses of library membdepend on the properties of the
moleculesin question (regression).

7. Calculation of the atomic partial charges on selected library members.

Simulation of these library members bound to Mdm2.

Prediction of binding difnities using Tl and the implicit solvent methods, MMBSA

and MM-GBSA.



10. Comparison of Tl and implicit solvent results with affinities measured in the laboratory
using a fluorescence anisotropy assay.

11. Analysis of the implicit solvent results using analyfisariance (ANOVA).

Figure6.2 (p306) shows in more detail how these methods were combined to generate the
results discussed in the subsequent results section. The results section desmifiees g
wha data sets thmethodsvereapplied to This is also depicted Higure6.3 (p308) and can

be summarised as follows.
Result processing in this project entailed:

1. Filtration of compounds from the ZINC databasel their cleavage to produce side
chains.

2. Attachment of these side chains to the O1 sca#ftading moleculéFigure2.1, p102
(previously docked with Autodock) using ReCore and docking of the resoitiberule
in each casasing FlexX.

3. Analysis of the resulting docking scores, usi
to investigate how side chain properties afdé&tlexX docking scores.

4. Simulation of a few oligobenzamides based on the O1 anad&ffbkls to see if the
simulations were stable.

5. Generation of 3D structures for side chains suggested by the collaborating chemistry
group (supplied as formulae) and the splicing of the minimised side chains on to the
posed scaffolds of previously dockstdrting molecule (Figure2.1, p102).

6. Global docking of 25,000 compounds with Autodock Vina and analysis of how their
properties affected their predicted binding poses using logistic regression.

7. From the poseof thes&5,000compounds, extraction of

a. The top poses of selected compounds for thermodynamic integration and their
modification to produce the second of the pair of molecules to be interconverted
in the Tl investigation.

b. Poses for 31 previoushynthesised compounds based on the N1 scaffold for
binding affinity prediction using the MNPBSA and MMGBSA implicit
solvent methods.

c. Poses for two libraries of molecules, one with 285x1®) combinations of
side chains at positions 1 and 2 and oné @85 combinations of side chain at
positions 2 and 3, for analysis using the NMBSA method.

8. Local docking (optimisation) of each of a combinatorial library of compounds based on
the O1 scaffold comprising compounds with 12 different side chains in every

combination at the three side chain positions. (These compounds are already in a



10.

11.

12.

13.

14.

15.

conformation close to the correct pdmxause they were produdagmodification of

the side chains on a previously docletakting moleculg

Calculation of RESP charges feglected library members following minimisation and

the transfer of these charges onto docked poses of the compounds ready for molecular
dynamics simulations.

Tl calculations to investigate the effect on binding affinity of changing the side chain
attachnent atoms and varying the backbone torsion parameters.

Tl calculations for compounds based on the N1 scaffold and their use to predict the
relative binding affinities of the 31 compounds synthesised and tested in the laboratory.
Prediction of binding affities using the MMPBSA and MMGBSA methods for these

31 compounds, either using a trajectory of the complex (the single trajectory approach),
a trajectory of the complex and a trajectory of the free ligand (the double trajectory
approach) or a triple tregtory approach (24).

Comparison of the predicted binding energies for these 31 compounds with
experimental results from a fluorescence anisotropy assay.

Prediction of the binding energies of each member of the library of O1 compounds
mentioned in poin8 above using the MMPBSA method and analysis of the results

using analysis of variance (ANOVA) using the side chains at eacle tifithe side

chain positions as factors.

Prediction of affinities for the library of compounds mentioned in pairstbove using

the MM-PBSA method and analysis of the results using three separate s&i©®URA
investigations. As described in the results section, only poses corresponding to one of
four binding positions (shown iRigure2.23, p187) were selected. Each analysis

involved three fixed factors: ttehoice of side chain at the middle position, the choice

of side chain at either the first or last position and, as the third factor, either the scaffold

choice or the binding position.



2.3. Results and Analysis

2.3.1. DOCKING OF SIDE CHAI NS DERIVED FROM MOLE CULES OF THE
ZINC DATABASE ALLOWED FAVOURABLE T RAITS IN THE PHE19, TRP23
AND LEU26 BINDING PO CKETS TO BE IDENTIFI ED

This section describes the docking of oligobenzamidesandiwverseange of side chains using
FlexX and the subsequent analysis of side chaingstigs and docking scores. The aim was to
identify the side chain propertiéigely to increase the affinity of an oligobenzamide binding

with its side chains in the sites usually occupied by p53 residues Phel9, Trp23 and Leu26 in the
p53-Mdmz2 interaction.

An initial oligobenzamide binding position was required for Higtoughput screening to

identify potential side chainghe O1 scaffold starting compourfigure2.1, p102) was

docked into Mdm2 from PDB sicture 1T4E’ using AutoDock4.2 as detailed in the methods
section p109). The side chains of the compound resemble the side chains of Phel9, Trp23 and
Leu26 from the p53 helixComparison ofhe highest scoring pose obtain&i(re2.8B) with

the position of thg53 helixbound to Mdm2 in structurET4F (Figure2.8A), which played no

part in the docking, shows that the side chains have been positioned close to their expected
positions Figure2.8C). The heavy atom RMSDs for the first side chain, second side chain
terminal benzene ring and third side chain relative to the p53 residue side chains are 2.09 A,
1.24 A and 1.66 A respectively.

Molecules from the ZINC source database wetteusing ReCore (BioSolvelT) as described in
the methodsection(pl06). These were spliced on to the dockedsfitting molecul€Figure
2.8B) and screened using ReCore. 536, 505 and 508 possiblehsids were identified by this
high-throughput screening for the first, second and third side chain positidhe scaffold
respectively. FlexX(part of FlexX (BioSolvelT)) was then used to carry out combinatorial
docking. Thissoftware docks thecaffdd and then attaches areks each member of a library
of possible side chains. T&le chains are attachi&dsitu andthe resulting posis minimised

to complete the docking process.

The side chaimttachmenpositiors were treated separateach ofthepossibleside chains

was tested at each attachment position while the other two side chains were left unchanged from
those ottheinitial structure (For further details sggl09) Poses with an RMSD of greater than

2 A relative to the highhroughput screening pose generated by ReCore, in which the scaffold
position is unchanged from in the Autodock pose, were discarded. Consequently all of the poses
resemble that shown Figure2.8B where the Nerminal, central and-@rminal side chains

are in the pockets usually occupied by p53 residues Phel9, Trp23 and Leu26.



Figure 2.8: The best pose resulting fronthe docking of an oligopbenzamideinto Mdm2 from PDB
structure 1T4F superimposedon the structure of p53 from the PDB structure. A) Structure 1T4F
showing a modified p53 peptide (green) in the p53 binding site of Mdm2 (@&eYhe highest scoring
pose generated by docking the oligopbenzamide shoWwigime2.6A (p114) (blue) into the structure of
Mdm2 from 1T4F. C) The result of removal of the protein and sopasition of the original p53
structure (as in A) on the docked oligobenzamide structure (as in B). There is excellent agreemen
between the structures despite the p53 peptide playing no part in the oligopbenzamide docking.




The properties of each sidbain were calculateiln d Spear manés Rank correl ati

(rs) weredeterminedor each propertyo investigate whethéts valuecorrelated witlthe FlexX

docking score of the resultiankvaloekindathae nz ami de.

the higher the value of the propeisythe greater thdockingscore however, thescores are
predictedyis valuessohigher scoresorrespond to weaker bindingable2.3 (p131) shows the
results.Caution is necessawyhen nterpreting these results for several reasoinstly; multiple
hypothesesveretestal. Secondly,it was assumed that all side chains bound in the expected
docking poséside chain 1 in or near the p53 Phe@bgket, side chain 2 in or near the Trp23
pocket and side chain 3 in or near the Leu26 poeket)this assumption might be incorrect.
Finally, docking scores are often poor measures of binding affihify;

As shown inTable2.3, a the middle side chain position, larger side chains lead to better.scores
(For the total number of atoms, number of cagband number of heteroatomss-0.03,r<-

0.14 and &-0.10respectively based on the 95% confidence limits shown in the table.)
However, at the side chain position nearest to the amino terminus, small, low molecular weight
groups appear to be favour@mbcause larger side chains result in larger scores and higher
scores signify weaker bindingdccording to the 95% confidence limits, for the number of

atoms in, number of carbons in and molecular weight of side cha¥010%,rs>0.04 and
r=>0.08respetively. At the carboxyl terminus, the side chain has litem to manoeuvrso
escapdrom the expected binding pocketjuires side chain flexibilityThis could explain why

rigid conjugated systems are unfavouradiléhis position. (For the number rotatable bonds,

r=>0.25and for the number of rigid bondg<r0.29 based on the 95% confidence limits.)

At all three side chain positions, fragments that lead to a molecule with a high polar surface area
(PSA)have good scorgs<-0.27, £<-0.30 and &-0.47 for side chains 1, 2 and 3 respectively)

More polar molecules have lower logP values and, consistent with this, sidewithiadower

XlogP (increasedvater solubility relative toheir solubility in octanol) also score favourably

(rs>0.33, £0.24 and &0.29 for side chains 1, 2 and 3 respectivelyle presence of hydrogen

bond donorgr<-0.02, £<-0.11 and &-0.13)and acceptorf<-0.15, £<-0.15 and &-0.28)

appeardo increase affinityand in the centralind Gterminal side chain posin, side chains

with a positive charge have good scdirgs-0.07 and &-0.10 respectively).

It is difficult to reconcile thd>SA, XlogP and hydrogen bondingsults with theverall
hydrophobicnature of the p53 binding site bfdm2°*> and the knowrimportance of side chain
hydrophobicityfor strong binding. Park and JeGf’, point out that the FlexX force field lacks
terms to directly account for ligand and binding site desolvatiorsélureexpecteaorrelations

could be the result of this bias inherent in the FlexX scoring fun@iooichetet al** discuss

how virtual screening without considering differences in solvation energy between compounds

has a tendency to return molecules that@oddrge or too highly charged.

Po



Table 2.3: How the properties of side chains at the three side chain positions in the molecules docked with FlexX correlated withdioeking scoresof the compounds

Side chain 1 Side chain 2 Side chain 3
Property Med. - { LIS NI :-_rth‘ Med. - { LIS Ny|:' {]Q Med. - { LIS NI I-Hyr?c
value W 19 value -V 9 value -°W 19

limit limit limit limit limit limit
Number of atoms 365 13 0.05 0.12 0.20 348 13 -0.17 -0.10 -0.03 |359 13 -0.13 -0.06 0.01
Number of carbons 365 9 0.04 0.12 0.19 348 9 -0.21 -0.14 -0.08 |359 9 -0.12 -0.05 0.02
Number of heteroatoms 365 3 -0.18 -0.11 -0.04 | 348 3 -0.17 -0.10 -0.03 | 359 3 -0.29 -0.23 -0.17
Hydrogen bond acceptors 365 1 -0.28 -0.22 -0.15 | 348 1 -0.28 -0.22 -0.15 |359 1 -0.38 -0.33 -0.28
Hydrogen bond donors 365 1 -0.15 -0.08 -0.02 | 348 1 -0.24 -0.17 -0.11 | 359 1 -0.25 -0.19 -0.13
Molecular weight 365 190 0.08 0.16 0.23 348 186 -0.10 -0.03 0.04 |359 186 -0.07 0.00 0.07
Number of formal charges 365 0 -0.10 -0.03 0.04 | 348 0 -0.21 014 -0.07 |359 O -0.23 -0.17 -0.10
Sum of formal charges 365 0 -0.06 0.01 0.09 348 0 -0.19 012 -0.05 |359 O -0.19 -0.12 -0.05
Rotatable bonds 365 3 0.10 0.18 0.26 348 3 -0.03 0.05 0.13 |359 3 0.25 0.33 0.40
Rigid bonds 365 10 -0.07 0.00 0.07 348 10 0.02 0.10 0.18 [359 9 -0.39 -0.34 -0.29
Predicted compoun&logP 278 1.8 0.33 0.42 0.50 262 1.7 0.24 0.33 041 |273 18 029 0.38 0.46
Compound 2D PSA* 278 -0.72 -0.39 -0.33 -0.27 | 262 -0.65 -042 -0.36 -0.30 |273 -0.67 -056 -0.52 -0.47

Each side chain position was investigated separately. For each side chain position, a library of compounds whichtdiffieseaf the side chain at the position in question was
docked. The side chains used for this analysis were timaaed by cleavage of molecules from the ZINC source database, filtered such that all of the oligobenzamides ge
were theoretically synthetically accessible. For further details¥@@ p T h e ¢ ol u mn cdtea thesnurhberaf sidencbains usetl and therefore also the number of dat

points used in the subsequent regression anal ysi s. Tohadl of thé/iempounds énlthe lbKary gseditou mn
investitrkt e t he side chain position in question. Sp e ar ma n dbstweerathe properties of side ahainsamd the ¢
relative binding affinities of oligobenzamides containing them. 95% confidencelimit i hi gh | i mi t 6 and Al ow | imito) on the

either side of the ranks themselves. For details of how these confidence limits were calcula®@il, #dkeop the properties showwere calculated using the Open Babdfilter
program. *Topological polar surface area. (S&84) Calculation of the topological PSA and logP estimate (XityBf a molecule requires data for thenEtional groups within it.
The functional group composition of some side chains meant that their predicted logP and polar surface area coulduteiedesmafewer side chains were investigated when
analysing the effect of these two properties orkamgscore.




2.3.2. LONG SIMULATIONS OF OLIGOBENZAMIDES B ASED ON THE N1
AND O1 SCAFFOLDS ARE STABLE

The estimation of accurate binding affinities for ranking requires that ensembles of
conformations be generated for each compoundsé&lean bproducedoy running molecular
dynamics simulationghis section describes some initial testing of oligobenzamides bound to
Mdm2 to check that the protein and ligands were behaving as expected with the parameters

used.

Docking of the N1 and O1 scaffosarting moleculg (0102 using Autodock Vina generated a
small number of poses of which a few (for each molecule) were consistent with binding in the
p53 binding groove with the side chains ogdng the pockets usually occupied by p53 side
chains.5 suchposes were selected for thdihked scaffold compound and 3 were selected for
the Glinked compoundmanually by visual inspectionThese comprised poses both parallel
and antiparallefo the 53 helix.Using the bound poses as initial structureglieit solvent
simulationswere run of the complex usinget new paramete(pl15). These simulations were
stable and the ligands remained bound to the profbmatomic @ordinate root mean square
deviations RMSD9 at the start of the trajectories are showRigure2.9. SeeEquationl.53

(p78) for thedefinition of an RMSD and a discussion of its usage in the assessment of

simulation equilibration.

To investigate the rigidity of the4inked scaffold RMSDsfor substructures of the scaffold

were calculated from a 5 ns trajectoRygure2.10). The RMSD lines shown in red are for the

12 carbon atoms of the-términal and middle benzene rings of the oligobenzamide scaffold

(not the atoms in the side chaingjhe blue lines arasimilarly, for the 12 carbon atoms of the
middle and Gterminal rings of the scaffold. RMSDs were calculated relative to the starting pose
after alignment of the 12 atoms with those of the starting structure. Movement of the lines
therefore indicaterotation of the rings relative to each otljgrovidedthat the amide bond

remains in its trans arrangememigration of the Nterminal side chain out of the binding

pocket is indicated by movement of the red li@ration of the Gterminal side chaifrom its
pocketis indicated bymovement othe blue Ine and movement of the central side chain is

indicated by simultaneous movement of both the red and blue lines.
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Figure 2.9: RMSDs of the ligand and ligandprotein complex in simulations of the N1 and O1
starting molecules bound to Mdm2 The compound structures are showirigure2.1 (p102). These
results are for the constant pressure run following a constant volume simulation and the RMSDs a
relative to the structure at the start of the constant pressurd pardifferent lines of each graph show
the results of different simulations started from different docking poses. The docking poses were
manually selected prior to simulation but no selection has been applied to the trajectories shown.
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Figure 2.10: RMSD moving averagesshowing the relative orientation of the first and second
oligobenzamide rings and the second and third oligobenzamide rings (red and blue respectively) ¢
the O1 scaffold stating molecule starting from three different poses The structure of the molecule i
shown inFigure2.1 (p102). The RMSDs are for the 12 carbon atoms of the two rings in question an
calculated following alignment of the atoms with those of the starting structure. A high RMSD indic
that one of the rings has rotated relative to the other so one of the side chains is projecting away fi
protein (based on the assumption of thatamide bond remains trans). Simulations were started witt
poses parallel to the p53 in structure 1T4F and antiparallel as indicated. The RMSD moving avera
shown are the mean of 21 RMSDs calculated at 500 fs intervals from 5 ps before the time5pt to
afterwards inclusive. Plotting an average enabled all of the data (collected at 500 fs intervals) to b
the aim being to reduce the degree of random noise.

The results indicatsome flexibility of the scaffold, despite its intramolecular loggm

bonding; however, inspection of the trajectories (using V{\biversity of lllinoisf>? reveals

that theside chains daot venture far frontheir binding pocketsThis is evident fronfrigure

2.10. Using trigonometry it can be shown that rotation of both aromatic rings by 90° in opposite
directions (holding the link rigid) would result in an RMSD of 1.3 A (based on the assumption



that the ring carbon atoms are 1.4 Aripa&onsequently, the deviations showrFigure2.10,
which are fractions of an Angstrom, even though they are affected by other factors such as
bending of the scaffold, reflect only small rotations of the rings relative to eashMtist
deviations are brief (for tens of picoseconds) and, where there is a longer departutes(as at
in Figure2.10A), the side chains do eventually return.
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Figure 2.11: RMSD moving averages (over 21 RMSDs at 500 fs interval&)r the N1 scaffold

starting molecule indicatingthe deviation of the side chains from their starting position relative to
the centre of the scaffld. Each RMSD was generated using the carbon atoms of the central ring of
scaffold and the second carbon of the side chain. High RMSDs indicate that the side chain has mc
relative to the scaffold. The green, orange and purple lines are for sids ¢h2 and 3 respectively (the
N-terminal, central and -@rminal side chains).




Figure2.11 shows the movement of the three side chains of thekidd scaffold relative to the
central ring of the scaffold. The RMSDs are each based on 7 atoms, the 6 carbon atoms of the
central scaffold ring and the first carbon of the side chain in quegtieatbm bonded to the
nitroger). Somemovement of the side chains is visith®wever, overall the side chains stay in
their initial position.Figure2.12 belowshows structures from the trajectory used to predu
Figure2.11C above The apparent deviations of side chain 1 (at therhhinal end of the
oligobenzamide) visible ifigure2.11C (shown in green) were not caused by movement of the
side chain away from its binding site but by shifting of the scaffold. This figure is discussed
further on @84 because it illustrates how the motion of side chain 1 at thbdefi end of the
ligand Figure2.12B) might, through pushing on the scaffatduse the conformation of side
chain 3 at the other end of the molecule to chakigprife2.12C).

Figure 2.12: Structures from the 5 ns simulation of the N1 scaffold moleculd={gure 2.1, p102) used
to produce Figure 2.11C. The oligobenzamide is shown in teal and the surface of Mdm2 is shown i
grey. The time points shown have been selected such that they aid interpretBigume®.11C. At the
beginning (top left) and end (bottamght) of the simulation, the three side chains are in the expected
binding position. At the 2000 and 2500 ps points, the scaffold is to the left of its initial position and
N-terminal side chain of the oligobenzamide (on the right in these images)ifiad relative to the
scaffold to stay in its binding site. By the 2500 ps point, tHer@inal side chain has also shifted to po
down, away from the scaffold. Changes in the conformation of the ligand appear to be accompani
significant movemetof the protein. Water and ions were removed from the trajectory using the ptre
program from the Amber 10 suifé #?°. The frames of interest were extracted as PDB files using VM
1.9.7%. They were aligned (to the 0 ps positions using both ligand and protein atoms) with the Pro
Structure Comparison Tool V 3.0.8 (RCSBY*’using the jCE algorithm (version 1?3jwith default
parameters. The images were rendered in Chimera (UCSF).

The mobility ofMdm2 and oligobenzamidésghlights the need to run simulations in order to
sample different molecular conformations becauseynemics could have a significant impact

upon affinity.



A single simulation would need to béa substantialength of time ¢ capture all of the binding
states given that the transient states visible in these simulations appear &t farbiundreds
of picosecondsConsequentlyrunning multiple simulations from different docking pases

where possiblds appropriate.

2.3.3. THERMO DYNAMIC INTEGRATION

2.3.3.1.Modification of the side chain attachment atora revealed that sulphur in the S1

scaffold might contribute more to binding than oxygen in the O1 scaffold

Synthetic work in the collaborating Chemistry group had focussed on oligobenzavitldés
linked and Glinked side chains, yet side chains can also be attached through sulphur. Initial
testing using thermodynamic integration sought to compare the O1 and S1 scaffolds and
compare the O2 and S2 scaffol@digobenzamide inhibitors are proged to bind with each

side chain mimicking a particular residside chairof the p53 transactivation domain. In this
model, herole of thescaffoldis solely to prearrange the side chains, not contribute directly to
binding through interaction with thgrotein. Thermodynamic integratiowas used to test this
hypothesis through investigation of the effect of side chain attachment atom substitution on

binding affinity. The results suggest that the S1 scaffold warrants further attention.

Scaffolds O1 and Sand scaffolds O2 and $Rigurel.6, p36) differ only in the atoms used to
attachthe side chains to the scaffold; however, they could have significantly different degrees of
flexibility. The intramoleculahydrogen bonding in the scaffolds withli@ked side chains is
potentially stronger because oxygen is more electronegative than sulphur. Furthesmore, a
discussedn chapter 1[§70), steric effects caused by the largépbur atom in the S2 scaffold
prevent planarity of the aromatic ring and nearby amide group, reducing the potential for p

orbital alignment and conjugatitf

The effect of scaffold flexibility on binding affinitig hard to predict. Anore rigid scaffold
couldpotentially preorganise an oligobenzamidasuring that, when it is boundgakly
bindingside chainglo not migrate away from the protein surface but instead remain and
contributeto binding. The movement of residues in an alpékx is constrained by the
secondary structuf€ so an effective mimiof the p53 transactivation domain hetidght be
expected to have a scaffold whigbldsthe side chains firmly in place. Mever,
oligobenzamide scaffoldsay notintrinsically place side chains in tlptimal position. 8me
natural amino acids cannot be ugetause they are not compatible with the oligobenzamide
synthetic process. These mbstmimicked usinglifferent,less reactive, noenatural side
chains for examplea napthyl group in the case of phenylalanine). Consequently, some
oligobenzamiddlexibility might be required to allow side chains to sit where they will most

effectively mimic the p53 residues.



Initially, attempts were made perform a simple swapf oxygen inmolecules based on the O1
scaffoldfor sulphur andiice versan a set of therrmdynamic integration experiments

Howevert it proved impossible to start stable simulations of an oxjig&ad compound

produced by taking the starting pose of a sulgimiked compound and replacitige sulphur

atoms with oxygen. (In this context, an taide simulation is one in which a very large force is
created that cannot be accurately modelled so causes uncontrolled atomic motion and simulation
failure.) Initial simulationat 100 K was tried and initial restraints weiso testedapplied to
ligandatoms on the protein side of tbenvertedatons; howeverthese did not solve the
problem.TI simulatiorns usingfree compoundss opposed to bound molecules were, in contrast,
successful. Although simulations for conversiothe other direction from the O1 to the S1
scaffoldwere stable, transformatiam both directions isypicalto eliminate bias towards the
compound used for docking and to look for hystet&&sis’”)

Tl calculationdor the modification ofan oxygen or sulphur link to Ghivere stableTherefore,
to compare oxygen and sulpkeontaining structureg Tl run in whichthe oxygen or sulphur
attachment atoms were convertedCH, was performed for each afset of 12
oligobenzamidedn TI simulations, quilibration of dd/ dappeared to occur in under 50 ps.
However, due to the time required for equilibration of the RMB=arlier work the initial

150 psof each trajectory was not used for analysis

Pralicted changes in the free energy of binding uposetiansformatios are shown irFigure
2.13below. Three different sizes of side chain weested at the middle positiacmsmall one
(tertbutyl, side chain 18 Figure2.2 (pagesl03and104)), a mediurssized group,

(fluorobenzene, side chain 25) and a large one (methyipia sice chain 3).

At each step, four repeats were performed and the confidence lirRitpire2.13 are based on

the standard errors of these results. The errors associated with the results are quite large relative
to the size of thealculated changes. They suggest that the phase space was insufficiently
sampled for good convergence of the results from different repeats. A disadvantage of
thermodynamic integration is that many simulations have to be performed for every conversion.

This reduces the amount of time for which each simulation can be performed.

Inspection of the results reveals a smaller drop in the free energy of binding in the case of ortho
attached side chains (top halffafure2.12) compared to vih metaattached side chains
(bottom half ofFigure2.12). This is as expected, given the shorter and thus stronger hydrogen

bonds in the latter case.



Figure 2.13: Predicted changes to the free energy of binding of 12 compounds upon transformatiol
of the side chain attachment atom$rom oxygen or sulphur to CH,. Energies are in kJ mal The
compounds were based on the O1 (top left), S1 (top right), O2 (bottom left) or S2 scaffold (bottom
as indicated by the structure of the scaffold part shown, which is the central unit holding the middle
chain. Three different middle sideains were tested as indicated. Apart from being modified at the
central side chain position, the compounds are otherwise identical to the starting molecules showr
Figure2.1 (p102).




In Table2.4, thepredicted binding energy changes for the side ehalding heteroatom
conversions to Clare comparetb investigatdf the oxygen atoms in O1 scaffold
oligobenzamides or the sulphur atoms in the S1 oligobenzacodésbute more to the binding

of the ligand. A #est was used to test the significance of each difference.

The results suggest thatterms ofthe O1 and S1 scaffolds, tbhkoice ofattachment atordoes
have an impact oaffinity, with sulphurleading o stronger binding(For side chain 13p &=
9.93 kdnol™, p < 0.012nd for side chain 3p &= 17.50 kdhol™, p = 0.018. Hydrogen

bonds involving sulphur are weaker than the equivalent bondk/ing oxygen; however,
sulphurhydrogen bond strengta more directiordependerit® and the increased rigidity of the
S1 scaffold relative to the O1 scaffold whigsults from the maintenance of this bond is
incorporated into the torsion parameters for sieiffold” (Table2.2, p115). Prearrangement of
S1 scaffold sidehains could make binding more entropically favourable and also keep side

chains on the surface of protein where they can contribute to the binding affinity.

No statistically significant difference in affinity was observed between O2 and S2 scaffold
compounds. This could be because the S2 scaffold is more flexible than the O2 scaffold due to
steric hindrance between the large sulphur atoms and the hydrogen atom with which they
bond ",

Table2.4: Use ofSt u d e-tedt i detetmine if there are significant diferences between the
changesin free energy when oxygen is replaced with CkHand when sulphur is replaced with CH

Standard

Scaffolds _Middle_ Differen_<1:e devigtion of Degrees of P
side chain  /kJmol the difference freedom

/kImol™*
01/s1 19 9.94 2.64 -3.8 5.93 0.013
02/52 19 -6.29 3.48 1.8 4.88 0.145
01/s1 25 0.63 3.18 -0.2 4.25 0.852
02/52 25 3.36 3.12 1.1 5.88 0.331
01/s1 3 17.50 2.92 -6.0 5.64 0.002
02/52 3 -6.15 4.26 1.4 5.96 0.208

I n the column | abel eedl b&abedr a-didtribugionsiretie tightanbsé ¢
column are the probabilities of a difference as large as the one observed occurring due to chance.
01/S1 results for side chains 3 and 19 are significant at the 5% significance leveliiiler of degrees
of freedom at which to evaluate thdistribution was calculated using the Wél8atterthwaite
equatioR® so the assuption of equal sample variances was unnecessary. In practice, use of these
degrees of freedom as opposed to the usudl @egrees of freedom (6 in this case) makes little
difference to the critical values. (With 6 degrees of freedom, the 95% significatical value of t is
2.447.)




2.3.3.2.Thermodynamic integration results suggest that predicted binding free energies

are robust to small changes in the scaffold backbone torsion parameters

Different torsion parameters are used for scaffolds with oxligkad side chaingompared to
scaffolds with sulphulinked onesas detailed in the methods sectiphX3. To investigate the
importance of the torsional barriers used and the significancentiwification ofthe torsional
barrier heght might have had in the link atom modification Tl investigation abagecond Tl
investigation with the same 12 oligobenzamides was performed. Ithénisrsion angle

barrier height of the bond about which rotation is restricted due to hydrogdim@paras
changed from 1 kcahol™ belowto 1 kcalmol™ above itsnormal barrier height. The results are

shown inTable2.5. A single step is required for this conviers

Table 2.5: For oligobenzamides based on each scaffold, the-pftedicted change in binding energy
associated with modification ofthe torsion parameterfor the bond about which rotation is
restricted due to intramolecular hydrogen bonding such that the barrier height gogfrom 1 kcal
mol™ below to 1 kcalmol™ above the normal barrier height

Middle Change in potential energy predicted by the AMBER force field wi
% side chain increasing the torsional barrier height by 2 kcal &b mol*
E c
cfé 2 Attachment through oxygen Attachment through sulphur
8 »n
8 Free Bound Free¢Bound | Free Bound Free-Bound
Ortho 19 (Small)| -0.576 -0.835 -0.259+0.100 | -0.383 -0.438 -0.055+0.053

25 (Med) | -0.544 -0.565 -0.021+0.082 | -0.394 -0.411 -0.017+0.039
3(Large) | -0.546 -1.161 -0.614+0.148 | -0.390 -0.454 -0.064+0.072
Meta 19 (Small)| -1.127 -1.065 0.062+0.132 | -3.850 -3.467 0.383+0.111
25 (Med) | -1.237 -1.210 0.027£0.261 | -3.781 -3.911 -0.131+0.177
3 (Large) | -1.182 -1.304 -0.122+0.126 | -3.787 -3.653 0.135+0.078

For each scaffold, (O1 (top left), S1 (top right), O2 (bottom left) and S2 (bottom right)) scaffolds wi
three differentlysized side chains were tested in the middle side chain position (making 12 molecu
total). Negativevalues indicate where increasing the torsion energy is energetically favourable.
Simulations were each performed four times. The unbiased sample variances of the free and bour
were summed to get, in the case of each molecule, the variance dféhende. 95% confidence limits
based on these vari aBoesdareosbown in the fl

The large changes in potential energy in the bottom roWsloie 2.5 (typically -1.2 kJ mof*

for the 02 scaffold aneB.7 kJ moffor the S2 scaffold) could reflect the change in electrostatic
energy when the atoms involved in intramolecular hydrogen bonding are brought into closer
proximity by the increase in the torsional barrier height of the amide carloomatic carbon
bond. This &bilisation is not observed with the O1 and S1 scaffolds to the same peidraps
because their intramolecular hydrod®nds are longer. This effect couldgticularlylarge

for the S2 scaffold because the torsion parameter for this bond is aalyitow in order to
reflectthe effect of steric hindrance between tigarbysulphuratomandits hydrogenbonded

hydrogen on the extent to which thegbitals ofthearomatic ring and amide overfdp



Wi t h r e g kreedBoind tclod ulabhe.5, tbefchange in thede energy of
bindingis predicted to be negativehen the torsional barrier height is increasethanO1 and

S1 compounds. Thimplies that a reduction in scaffold flexibility increases binding affinity.
However, hecomparativelysmall changes ibinding energy observed when the torsion
parametes were changebly over 8 kdmol™, most of which areot statistically significant,
suggesthatthedifferencein torsion parametsrbetween the O1 and S1 scaffolds migtttbe

the maincause of thany diffeence in the affinity of these scaffolds, as was suggested in the

previous section.

S1 scaffold compounds might bind stronger than O1 scaffold compounds due to thesgreater
and polarisability of sulphur relative txygerf®®*?*? which could potentially lead to stronger
van der Waals forces between these side cttachment atoms and the protein if they were to
interact. Future work could investigate the presence of interactions between these link atoms
and the protein in long simulations of O1 and S1 scaffold compounds.

In Leeds, most synthetic work has focussedompounds with Ninked and Glinked side

chains. The predicted stronger binding of some compounds based on the S1 scaffold compared
to their corresponding -Gnked counterparts (in the previous section) together with the

predicted increase in ortleubstituted oligobenzamide affinity when the torsional barrier height

is raised (discussed in this section) advocate further investigation of the S1 scaffold.

The remainder of this chapter concerns the effect side chain choice, as opposed to scaffold

choice,has on predicted affinity.

2.3.3.3.Comparison ofthe side chaingdy TI allowed predictions for 31 compounds based

on the N1 scaffold to be made but there was a poor correlation between these predictions

and experimental results

The central aim of this project was to investigate whether relative oligobenzamide binding
affinities could be predicted successfully by computational means. This section describes the
ranking of 31 compounds based on thérked scaffold(Figure 1.6, p36) using

thermodynamic integration (TI) and the comparison of the predicted ranking with single point
fluorescencanisotropymeasurements dlieir relative affinities. A poor correlation was
observed and theonclusion at the end of this section is that Tl is not a mdiiachich the
relative affinities ofoligobenzamides for Mdm@an be predicted accurately is a method best
suited to the comparison @éry similar ligands with similar binding poses. TB&compounds
investigatedselected on the basis of their ease of synthesis rather than their suft@ability
computational comparison, had significant differences and subsequent dockingedidatess

in this chapter (P53 revealedthat oligobenzamides can bind to Mdm2 in many different
places Compoundsynthesis anfluorescence anisotropy measurements were performed by

Kerya Long (University of Leeds)
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Figure2.14shows predictedoopG val ues for conversion of the centr
scaffold Figure2.1, p102) betweervariouspossible structure.o simplify side chain

comparison, it was assumed that changes were additive, so, for exhepiedingpgpG f or
conversion of a chloronapthyl gGowepnvetson a benzyl g
ofa chl oronapthyl group to a napthyl group and the
benzylgroup.

When equilibrating simulations for Tdp/ d(éefined on B4) equilibrated rapidlyCurves of
dn/ d & satg aa& nwer e t,gspdciallafotheyemavah of charges and additiof
charges respectivelthe first and last stepd the alchemical conversion. For example, see
Figure2.15andFigure2.16 below.

The most significant change in binding free energy shovirigare2.14 is that for removal of

the ammoniumyl (NH) group from side chai22,-23.5 kJ mof. Removal of this charged

group is predicted to be very favourable and much of the favouratg&-15(4 kJ mot) is
accounted for by step 1 of the Tl conversion, removal of the positive charge. Of thiin8&d\
compounds synthesisedid tested, the weakest binding was found to be the one with this side
chain (which was at the middle side chain position), suggesting that this side chain is genuinely
very unfavourable for binding. The p53 binding site of Mdm2 is hydrophobiecMzb82

binding is driven by van der Waals foré¥sConsequently, hydrogen bonds that the positive
ammoniumyl group can make in the solvent are likely to be lost when the smatiutedbinds,
making binding enthalpically unfavourable. Binding will also not be accompanied by the
favourable entropy change which occurs when a hydrophobic group is buried and the water
molecules around it are released from their regular arrangémepossible explanation
considered was interaction of the charged side chain with the terminal, negatively charged
carboxylate grap in the free but not the bound ligand; however, simulations of the free ligand
reveal that the side chain ande&minal are too far apart and the oligobenzamide is

insufficiently flexible to bring them together.
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Table2.6 shows in more detail the results summarisegigure2.14, Tl results for

modification ofthe side chain at the centettachmenposition of theN1 oligobenzamide

scaffold The result for step 3 for the conversion of side chain 2idechairl7 (376kJ

mol™) appears to be unusually large in magnitude given that side chain 17 is an ethyl group.
Thisenergy chang#or the addition of ch@e to the system is dwe charging of &I counter

ion, which ispresenin the systemas a result of side chain 21 being negatively charged and the
method of adding ions when simulatiomsre seup (described opl17and illustrated

graphicaly in Figure2.7 on pl19). Charging of aounter ion(in this case&K”) is also

responsible for the large change observed in step 3 for the conversion of side chain 22 to side
chain 15 {370 kJmol™).

Validation ofcomputational resultwould have been most straightforwarsinga systematic

set of compoundg$pr example, molecules differing in tineside chain at a singlttachment
position However, in the eventifficulties with chemical synthesimeant thathie molecules
available for comparison diffedin their side chains at all three side chattachmenpositions

as shown inmrable2.7. To facilitate the comparison @iredicted and experimental results, the
side chains at each position were assumed to make independent contributions to the binding
energy, such that thep o ®r any two compounds differing at all three side chain positions was
the sum 6three energy chaes, one for the modification at each side chain attachment
position Tl simulations for modification at the first and last side chain positions (full results not
shown) were performed in a similar manner to those for the middle position. This enabled
binding energies to be predicted for all 31 compounds synthesised by the collaborating

chemistry groupTable2.7, p150).

Table2.7 shows, for each compounthe relative predicted free energies of binding and, for
comparison, the fluorescence polarisation single point competition assay results obtained in the
laboratory and supplied by Kerya Long (Unisi¢y of Leeds). The side chamumbers refer to

the sidechain structures shown Figure2.14 and alsd-igure2.2 above(p103). The relative
predicted free energies of binding (gpG) are
group) at every side chain position. The values for side chain 2, the middle side chain,
correspond to the changes showirigure2.14. For example, where side chain 11 is shown
present at the middle positionTable2.7, the predicted binding energy contribution of side

chain 2 is-4.4 kJmol*, consistent with the.4 kJmol™* gp o @or the conversion of side chain 11

to side chain 17 ifrigure2.14. Other values in this column can be calculated by summing the
transitions shown ifrigure2.14. For example, in the first row of dataTiable2.7, the-9.93 kJ

mol™ binding free energy contribution for side chain 2 corresponds to the sum of SrE8'kJ

for the conversion of side chain 1 to side chain 1Higure2.14 and the aforementioned 4.4 kJ

mol* for the conversion of side chain 11 to side chain 17.



Table 2.6: Thermodynamic integration results for transformation of the middle side chainof the N1 scaffold starting molecule

Modificaton =~ Repeats {GSLI m A'D k] {GSLI v p'D k] {GSL) o pD «k Overalln p D
From To Bound Free Bound Free Bound Free

1 11 6 11.92 +0.21 13.12+0.22 -77.79+1.15 -91.12+ 058 60.84+0.72 67.44 + 0.18 553+1.59 3
2 11 6 -8.34 + 0.95 -5.88+0.29 -73.95+0.96 -81.79+0.99 43.02 +0.90 46.04 + 0.15 2.37+2.02 a
3 2 3 3.38 +0.03 3.58+0.00 21.15+0.68 18.18 £+ 0.18 28.53+0.24 28.87 £ 0.27 244 +£1.97 a
4 11 3 -31.01 £+ 0.17 -31.12+0.13 -38.83+4.02 -41.38 +0.1§ 29.26 + 0.63 31.63 +£0.17 0.29+10.14

5 11 3 -68.94 + 0.26 -70.01 +0.08§ -62.11 + 2.33 -68.50 + 0.23 34.78+£0.41 35.00 +£ 0.05 7.24+£5.93 a
6 12 6 22.74 £ 0.60 24.20+0.20 -136.31 +1.6% -163.13+£0.17 109.72 +0.87 118.50 = 0.07 16.58 £ 2.07 a
21 17 3 154.70 + 2.67 155.05+ 0.5 163.10 + 1.02 178.94 £+ 0.74 -370.59 +0.67 -376.29 + 0.06 -10.48 £ 7.65 A
12 17 3 13.56 + 3.13 14.64 +0.10 -35.37+2.84 -39.06 + 0.04 0.18+0.01 0.07 £0.00 2.73+10.51
11 17 6 0.74 £ 0.76 4.47 +0.14 15.96 + 1.04 7.95 + 0.31 0.19 £0.00 0.07 £0.00 440+1.40 a
15 17 3 6.66 + 0.03 559+0.01] 17.12+0.44 15.90 +0.44 0.06 £0.00 0.02 £0.00 2.32+154 3
4 24 3 8.35+4.59 -13.74+0.32 -51.38+ 3.44 -27.62 +0.24 0.00 £0.00 0.00 £ 0.00 -1.67 + 14.27
24 11 3 33.49 +0.36 30.40+0.03 -52.41 +0.93 -51.20+0.12 29.18+0.43 31.52 +0.1§ -0.47 +£2.75
28 26 6 -18.91 + 0.20 -16.04 + 0.03 52.65+1.09 52.66 £ 0.12 0.00 £0.00 0.00 £ 0.00 -2.88+1.17 A
27 26 3 133.22 + 2.4C 140.98 £ 0.2 -44.90 + 0.93 -38.62 +0.08§ -20.32+0.12 -18.15 + 0.02 -16.21 + 6.44 A

Continued on the next page

Step 1 was the removal of charges from the atoms to be removed. Step 2 was the decoupling of the atoms being remodedtenmddahtny new atoms. Step 3 was the additi
of charge to any new atoms (and this step was only necessary where atomsngesdded). The first two columns show the initial and final side chains. For the structures o
side chains seleigure2.14 (p143) or Figure2.2 (p103). 95% confidence limits are shown on values. The symbols on the right of the table show whether the new compounc
more strongly (red) or less strongly (blue) than the original. Grey question marks and green dashewhetiedie error indicated by the 95% confidence limits is greater thau
overall change, with the dash being where the error is under 3 Klamlthe failure to see a significant change could be because the real affinities of the original and sigelif
chain are very similar. Initially, the Tl conversions of each step were performed three times. The results for eachthtp wgerkto calculate the 95% confidence limits on the
g op @or that step. The variances of the three steps were summed to obtain the variance of thg qv@fahe error on the finadp qp Gvas larger than theop G i, near@ng that
the overallgp o ®vas not significantly different from 0 at the 5% significateeel, then a further 3 repeats were performed in an effort to reduce the error.




Table 2.6 continued: Thermodynamic integration results for transformation of the middle side chainof the N1 scaffold starting molecule

Modification Repeats {GSLI m A'D k1 {GSLI v A'D k1 {GSLI o A'D k1 Overallp n D
From To Bound Free Bound Free Bound Free

26 27 3 20.05+0.19 18.13 £ 0.02 45.50 £ 0.62 38.63+0.07 -130.46 £0.37 -141.11+0.18 19.44+1.92 5
26 25 3 20.43 £0.28 18.20 £ 0.09 -33.92 £ 0.63 -41.90 £ 0.28 -45.69+0.14 -39.38 £ 0.21 3.92+1.95 3
25 26 3 45.20 H0.56 39.30 £ 0.11 34.31 £ 0.67 41.89+0.00 -20.16£0.04 -18.24 + 0.03 -3.59+2.18 A
28 11 3 26.99 £ 0.19 28.79 £ 0.03 -22.36 £ 0.58 -29.82+0.18§ 34.70x0.46 34.96 £ 0.08 541+197 35
27 11 3 130.70 £0.8C 141.13 £ 0.26 -96.11 £ 0.26 9520+ 0.20 34.36 £0.10 3497 +0.04 -11.96+2.26 A
26 11 3 20.18 £ 0.11 18.17 £ 0.05 -50.44 £ 0.44 -56.19+0.34 34.72+0.45 34.98 £ 0.1Q 7.50+1.83 3
25 11 6 45,89+ 041 39.37 £ 0.06 -17.93 £ 0.52 -1453+£0.1717 34.48x0.42 34.96 £ 0.10Q 264+0.85 3
29 15 6 -3.96 £ 0.49 0.71£0.72 -6.84 £ 1.08 -17.12 £ 0.34 2.32£0.09 1.69 + 0.02 6.25+1.50 3
22 15 3 69.15 £ 0.95 84.54 £ 1.03 12.81 +£1.31 17.26 £+ 0.37, -369.58 +0.21 -365.93+0.11] -23.49+4.89 i
19 15 3 47.02 £ 0.20 44.42 + 0.08 -20.30 £1.79 -16.94 +0.39 -2.40 £ 0.04 -1.90 £ 0.02 -1.26 £ 4.60
20 19 3 -2.18 £ 0.06 -2.77 £ 0.01 -32.88 £ 0.68 -38.66 + 0.17 -4.53 £0.40 -5.97 £ 0.02 7.82+2.00 3
18 15 3 -58.24 £ 0.93 -57.06 £ 0.17 -23.57 £ 0.59 -24.27 £ 0.41 -1.46 £ 0.13 -1.73 £ 0.03 -0.21 £ 2.96
18 19 6 20.49 + 0.07 18.06 £ 0.03 -73.67 £0.26 -79.22 +0.27 -54.18 + 0.15 -47.75 + 0.05 155+0.43 5
19 18 6 53.50 £ 0.23 47.60 = 0.07 73.61 £ 0.38 78.96 £ 0.23 -20.72+0.16 -18.02 £ 0.04 -2.16 £ 0.56 A




The laboratory results ane the form of a percentage inhibition relative to NuBirThese
values indicate¢he extent to which the compound inhibited the-pE8n2 interaction at the
assay concentratiorf$0 uM ligand, 54.5 nM fluoresceitabelled p53 patide and 41.5 nM
Mdm2 L33E)relative toaracemic Nutlin3 control.

Table 2.7: Comparison of fluorescence anisotropy results for 31 compoundmsed on the N1
scaffold with predictions of their relative binding affinity from thermodynamic integration

Side chains at  Effect relative to Predictedbindingenergycontribution

each side chain  Nutin3in 2 e toside chain 17 (ethyl) /kJ mbl g
position fluorescence ; 5
anisotropy  © ¥ " giieT Side  Side g x
1 2 3 assay(%) =G chainl chain2 chain3 Total §
26 1 18 120 1 818 -993 -389 2200 4
11 4 15 119 2 729 349 396 -1473 27
25 1 15 114 3 748 993 396 21.37 6
4 4 11 112 4 1093 349 710 2152 5
11 1 18 110 5 729 993 -389 2111 8
26 4 18 108 6 818 349 -389 -1555 25
29 5 19 103 7 328 -11.65 576 2068 11
11 7 19 99.6 8 729 2474 576 -3779 1
18 29 24 97.2 9 221 -857 667 -1745 20
11 2 19 94.7 10 -729 -677 576 -19.82 13
11 24 19 93.7 11  -729 515 -576 -18.19 18
11 29 15 92.4 12 729 -857 -396 -19.82 14
24 29 18 86.4 13 -8.88 -857 -389 -2135 7
11 3 19 85.8 14 729 921 576 2226 3
11 19 11 84.0 15  -729 -066 -7.10 -1505 26
29 26 19 77.8 16 -328 -11.90 -5.76 -2093 9
11 11 19 775 17 729  -440 576 -17.45 21
26 4 19 77.3 18 -8.18  -349 576  -17.42 22
25 4 19 75.0 19 -7.48  -349 576 -1672 23
24 4 19 74.2 20 -888 -349 576 -18.13 19
25 20 15 73.0 21 748 777  -3.96 -19.21 15
19 5 19 72.1 22 165 -11.65 576 -19.05 16
11 25 15 71.3 23 729 705 -3.96 -18.29 17
19 24 19 70.8 24 165 515 576 -12.55 28
11 25 19 65.7 25 .729 705 576 2009 12
11 21 19 49.8 26 -729 1048 576  -257 30
11 20 19 44.9 27 729 777 576 -2082 10
11 18 19 38.7 28 729 251 576 -1556 24
11 28 19 33.4 29 729 -941 576 2246 2
11 27 19 31.6 30 729 756 576  -549 29
11 22 19 5.08 31 729 2116  -5.76 812 31

Fluorescence anisotropy results were supplied by Kerya long, University of Odwdsverall change in
binding energy for modification of all three the side chains was assumed to be equal to the sum of
changes associated with modification of each side chain individually. Both the practical and predic
rankings are from the stroegt binding compound (1) to the most weakly binding (31).




In Figure2.17 (p152) the predictions and experimental results are graphically comparegh
magnitude Pear sonés r -@58kwasobserved. Havevierptime resultse f f i €
are not normally distributed which makes it more appropriate to considérfhe ar mandés Ra
which is only0.40.

The observedorrelationis small in magnitudeAt the 5% significance level, the twailed

criticl value for Spearmands Rank wiConkequerly, degr e«
this rank 0f0.40 would normally be considered a significant result. However, the results are not
independent because of the way that they have been calculated. (Alsedkabnvethe

predicted relative binding energy of each oligobenzamide was calculated by way of a series of
summations, specifically, addition of theg @alues associated wigmall modifications to
generatep (p Gontributions for each side chain, follodvby addition of these three side chain
contributions to generate a totplgp Gr each moleculg¢ Consequentit he Spear manods
might be less statistically significant than it appears. In conclusion, the results suggEisisthat

not a useful methodf eanking oligobenzamides with-ihked side chains.

There is a moderate correlation between the molecular weight of the 31 ligands and their
affinity for Mdm2 as indicated by the fluore
suggesting that metular weight is a much better predictor of affinity than the TI method. The

same magnitude of correlation is observed using predicted logP. The lowest molecular weight
compounds are, in order of increasing size, compounds 28, 26, 31 and 24. The comjtbunds

the lowest predicted logP are, in order, 26 (negatively charged), 31 (positively charged), 28, 24
and 30. These weakly binding compounds can be found in the top fefup€2.17A, the top

right of Figure2.17B and, later in the chapter where use of the/MBSA method is described,

the top left ofFigure2.22 (p174).
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Figure 2.17: A comparison of predictions and experimental result§or the 31 N-linked compounds
ranked using thermodynamic integration Each cross represents one of the 31 compounds tested.
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A) Comparison of the actual values. (A negative correlation is expected.) B) The same data but wi
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2.3.4. DOCKING POSESOF 25,000 COMPOUNDSREVEAL THAT
OLIGOBENZAMIDES CAN BIND IN MANY DIFFERE NT POSES

2.3.4.1.Different oligobenzamides bind indifferent places

This section concerns the docking of oligobenzamides to investigate whether they all bind in the
same, expected position, an assumption which the analysis until thifiasielied upon. This
assumption is necessamnen usinghermodynanic integratiorand, if invalid, could explain

the poor correlation between predicted and experimental results observed above.

Gonzalezlopez de Turiset al***discuss crystal structures of two similar morpholinone
inhibitorsof the p53Mdm2 interaction which featuithe two compounds in significantly

different binding poses. (Essentially, the groups @Rhel9 and Leu26 pockets are swapped
over.)Small changes in the structure of an oligobenzamide could similarly lead to very different

I 172

binding posesk-uller et al.”“ reports the stable binding ah oligobenzamide based on the O1

scaffoldboth parallel and antiparallel to the pB&lix orientation.

To investigate where oligobenzaraglwith different combinations of side chains and different
scaffolds bind, 25,000 compounds, roughly 5,000 for each of th®N 02, S1 and S2
scaffolds(N1: 5047, 014933, S1:5042, 02:5043, S2:493&ere docked with Autodock Vina
and theposepositiors were analysed.able2.8 shows theside chains used. The numbers

correspond to the side chashown inFigure2.2 (p103).

Table 2.8: Side chains tested at each side chain position when dockif§,000 oligobenzamides to
determine the effect of side chain selection on binding pose

Side chain position  Side chains tested at position Number of side chains
1 4,11, 1315, 1719, 2130, 33, 3&40, 44 25
2 1-32, 3446 45
3 11, 14, 15, 124, 3032, 3538, 4043 22

SeeFigure2.2 (p103) for the side chain structures. The side chains testedssteted manually on the
basis of their size and similarity to the Phel9, Trp23 and Leu26 p53 side chains as descritiZd on

Initially, the possibility of clustering all of the poses obtained was considEneeffect of

different factors such as scaffold and side chain choice on the presence of poses in each cluster
could then havéeeninvestigatedHowever, it was not immediately obvious how the differing
connectivityof moleculesshouldbetreated in the clusring processFurthermore, geliminary
investigation revealed that tippsedor different oligobenzamidesvhen combinedproduced a

broad and quite homogenodistributionof poses wi little discernible clustering; ile poses

were focussed aroundeipockets of the p53 binding site and tended to be parallel or antiparallel
to the p53 binding groove, they did not conform to one of a small number of clédtieosigh

poses of eacbligobenzamideould be clusterenh isolation this did notsimplify interpretation



of the disparate assortmeftconfigurationsobtainedwhen the data for different compounds

were consolidated.

To enable interpretatiorhé centre of massf each side chain in each docked pose was used to
evaluate the position dfiesidechain with regard teach otheMdm2 binding pockets.

Specifically, the distance between #ide chaircentre and the centre of mass of each p53

residue side chaiim PDB crystal structurd T4F(Mdm2;+.1,5 bound to a modified p53

peptidé”) was calculated. If this distanceaswithin a cubff (3 or 4 A as indicated next to each

set of results below) then the side chain was considered to be in the pocket usually occupied by
that residue in p53Only heavy atoms were used to calculate the centres ofliraesase

hydrogen atom arenot present in Xray crystal structurg.) For further details segl11

Table2.9 belowshows the most frequently occurring single side cpaicket matches revealed

by the pose analysis. For example, for the N1 scaffold, the most commonly occurring match is
to find side chain 3 (the-@rminal side chain) in the pocket usually occupied g1 of p53.

For 99% of compounds, at least one of the poses had side chain 3 in this position and 54.5% of

the time the top pose for a compound stid the condition.

The results suggest that different scaffdigour different binding posefor exarple, while

the side chain-Phel9 pocket pairing is the most common with the N1 scaffold, the side chain
2-Phe23 pairing is most common for the O1 and S1 scaffolds and for the O2 and S2 scaffolds
the most common pairings are side chain 1 in the Trp23 paokieside chain 2 in the Phel9

pocket respectively.

It appearghat pockets 19 and 23 are usually occupied but it is difficult to interpret the single
side chairpocket match resultselowbecauséhey give little information about the poSable
2.10belowindicates the most commonly occurring pairs of matches. For exatrgilews that
88.9% of scaffold N1 compounds have a pose with both side 2hiithe Trp230cket and

side chain 3 in the Phel19 pocket.

As shown, for all of the scaffoldhe most common pair of matches involves the Phel9 and
Trp23sites a finding that suggesthatthesepocketsare particularly important for bindings
would be expected, given their siZeor all of the scaffolds, side chain 2 is one of the side
chains in this top match. The second most common pair of matches alwagssdppevolve
the Leu26 pocket, consistent with the widely held view that the Phe1®3 &arpPllLeu26
residues being those most important for p53 birfdidgljacent side chains, particularly the
middle and @&erminal side chainare seen tbe able tmccupy the Phel9 and Leu26 binding

sites simultaneously to an exteuffficientto sdisfy the 3 A distance cuiffs.



Table 2.9: The most frequently occurring sidechain to binding pocket matches for each scaffold

Scaffold Rank Matching One Best Scaffold Rank Matchi One Best

pose  pose ng pose pose
(%) (%) (%) (%)
N1 1 3-19 99.0 545 S1 1 S2-23 99.1 55.3
2 2-23 98.5 57.7 2 I2-26 91.0 19.8
3 2-19 86.8 8.3 3 1-19 89.7 238
4 2-26 83.6 10.6 4 L1-23 84.0 14.3
5 3-23 79.1 11.3 5 323 82.1 153
6 3-26 73.4 4.2 6 S2-19 794 5.7
7 1-19 63.0 15.6 7 326 76.3 22.3
8 1-22 60.2 0.3 8 319 725 16.7
9 3-22 58.4 0.3 9 126 67.1 5.8
10 2-20 38.0 2.2 10 S3-22 58.6 1.8
01 1 2-23 99.1 55.6 S2 1 I2-19 956 29.8
2 2-26 90.4 22.3 2 L1-23 935 451
3 1-19 90.2 26.6 3 I2-26 916 355
4 L1-23 86.0 19.1 4 S2-23 885 16.9
5 2-19 84.6 8.1 5 L3-23 88.2 222
6 L3-23 80.2 14.1 6 119 79.2 133
7 3-19 76.4 14.7 7 3-19  79.0 57
8 L1-26 67.7 12.3 8 326 77.2 15.2
9 L3-26 65.4 7.9 9 L1260 73.3 11.3
10 L3-22 65.2 6.9 10 S1-22 60.8 5.5
02 1 L1-23 94.7 42.6
2 L3-23 92.7 32.6
3 2-26 92.4 38.0
4 S2-19 91.8 16.1
5 3-19 83.0 9.9
6 2-23 81.3 15.1
7 3-26 71.4 5.2
8 L1-26 68.8 15.2
9 1-19 64.8 2.9
10 1-22 49.9 2.1

ASClo0, AMBEARP0 achelnot e the 3 side chains of th
indicated by the numbers 190, 220, 230 ai
Trp23 and Leu26 which, through their position in the PDB structure ¥hivh Mdm2 was extracted for
docking, define Mdm2 binding pockets. For more details 4dd.pA cutoff of 3 A was used for

mat ching. The fione posed column shows the p¢
itssde chains in the position shown and the #dt
which the top pose satisfied the condition. For example, 99% of the compounds based-tinkbe N
scaffold, yielded, when docked, at least one pose in whelthird (Gterminal) side chain occupied the
Mdm2 binding pocket normally occupied by p53 residue Phel9. The structures of the five scaffold
01, 02, S1 and S2) are showrFigure2.1 (p102) and the side chains tested at each side chain posit
are shown imable2.8 above where the numbers correspond to the structurEgyure 2.2 (starting on

p103).




Table 2.10: The most frequently occurring pairs of sidechain to binding pocket matches for each
scaffold

o One Best © One Best
% x Matching pose pose % x Matching pose pose
g & (%) (%) 8 & (%) (%)
N1 1 S2-23 &3-19 889 397 S1 1 119 §2-23 740 20.0

2 226 €£3-19 625 6.8 2 S2-23 &2-26 65.4 6.7

3 S2-23 &-26 577 4.0 3 223 €319 619 149

4 S2-19 X323 564 6.5 4 S2-23 &3-26 488 151

5 122 &2-23 448 0.2 5 g01-19 &2-26 429 2.3

6 SC1-19 §2-23 435 6.0 6 119 €326 419 119

7 223 €322 38.0 0.3 7 C1-26 £3-22 40.7 1.1

8 219 &326 350 25 8 123 &2-19 39.2 1.0

9 323 326 28.1 15 9 126 219 36.6 0.7

10 S2-26 €323 255 1.2 10 S2-26 €3-23 36.5 5.8
0o1 1 L1-19 §2-23  73.7 22.2 S2 1 S219 &3-23 71.7 13.3

2 223 &2-26 67.7 11.9 2 223 &2-26 64.9 8.2

3 223 319 648 11.7 3 S219 £326 646 101

4 L1-19 §2-26 494 8.5 4 126 £2-19 62.7 10.6

5 126 &2-23 476 95 5 8223 &£319 614 3.4

6 126 £3-22 445 5.3 6 SC1-19 &2-23 61.3 7.7

7 L1-22 §2-23 43.8 2.5 7 X323 &3-26 61.0 10.1

8 S2-23 €322 43.0 4.7 8 g1-23 &2-19 60.1 11.7

9 123 219 429 2.8 9 S2-26 ¥319 57.6 3.1

10 S=2-19 &3-23 384 3.0 10 123 &2-26 55.8 185
02 1 2-19 €323 69.2 4.1

2 S2-26 £3-19 67.3 7.5

3 S2-23 $2-26 59.8 6.6

4 L1-26 €219 59.7 9.2

5 S2-23 €319 57.7 6.9

6 L1-23 €226 574 15.8

7 S2-19 £3-26 54.1 1.7

8 L1-23 219 535 7.6

9 119 §2-23 475 2.4

10 123 126 46.8 9.6

ASClo, ASC20 and ASC30 denote the 3 side che
indicated by the numbers #A190, n2206, A230 ar
Trp23 and Leu26 which, through th@iosition in the PDB structure from which Mdm2 was extracted 1
docking, define Mdm2 bi ndiPosgrecpgmitiol e dlsl.Apclaffrof 3l c
wasusedfor dent i fi cation of the side chains in e

of compounds for which there is one pose wit
poseo0 column shows t he per dop posesaisiesthe conddionprForu r
example, 88.9% of the compounds based on ttiaked scaffold, yielded, when docked, at least one

pose in which the second (middle) side chain occupied the Mdm2 binding pocket normally occupie
p53 residue Trp23ral the third (Cterminal) side chain occupied the Mdm2 binding pocket normally

occupied by p53 residue Phel9.




Table 2.11: The most frequently occurring sets othree sidechain to three binding pocket matches
for each scaffold

= Side chains ON¢  Best = Side chains One  Best
g x pose pose g x pose  pose
& & 1 2 3 (%) (%) 8 & 1 2 3 (%) (%)
N 1 26 19 22 16,5 0.00 S1 1 26 19 22 456 1.35

2 23 19 22 146 0.00 2 19 23 26 44.1 11.66

3 22 19 26 13.8 0.50 3 23 19 22 426 0.99

4 19 23 26 135 0.22 4 26 23 22 35.2 1.63

5 22 19 23 114 0.38 5 26 23 19 30.1 5.63

6 19 20 26 104 0.42 6 22 23 26 25.9 3.27

7 26 23 22 9.4 0.00 7 23 23 22 19.2 0.56

8 22 23 26 7.7 0.26 8 22 19 26 17.7 1.07

9 22 23 20 7.3 0.00 9 22 19 23 13.0 0.58

10 23 23 22 6.9 0.00 10 26 20 22 10.7 0.00
O1 1 26 23 22 448 6.49 S2 1 22 19 26 58.8 6.42

2 26 19 22 418 3.14 2 22 19 23 58.2 6.14

3 23 19 22 399 239 3 26 19 22 471 1.54

4 19 23 26 225 249 4 23 19 22 39.3 1.46

5 26 23 19 223 3.24 5 26 23 22 16.9 0.04

6 23 23 22 181 1.70 6 22 23 26 8.8 0.67

7 22 23 26 16.1 0.53 7 23 23 22 7.2 0.04

8 22 19 26 129 0.79 8 22 20 23 7.1 0.04

9 26 20 22 11.3 0.02 9 22 20 26 6.8 0.04

10 23 20 22 96 0.02 10 22 23 23 4.5 0.18
02 1 22 19 23 552 0.87

2 22 19 26 548 1.03

3 26 19 22 49.2 3.03

4 23 19 22 379 157

5 26 23 22 198 1.03

6 22 23 26 16.8 0.65

7 22 23 23 12.2 0.30

8 23 23 22 8.9 0.18

9 22 20 23 3.6 0.04

10 22 20 26 3.5 0.04

ASC1o0, ASC20 and ASC30 denote the 3 side chi
i ndicated by the rmunmdbdrr2$% ol wh, ch22efeff23md t
Trp23 and Leu26 which, through their position in the PDB structure from which Mdm2 was extract
docking, define Mdm2 binding pockets. A aif of 4 A was used for identification of the sideains in
each pocket. For more detailssddp The fAone poseo column show
which there is one pose with its side chains in the arrangement described. For example, 16.5% of
compounds based ohe Ninked scaffold, yielded, when docked, at least one pose in which the first
chain was in the pocket usually occupied by p53 residue Leu26, the second was in the pocket ust
occupied by Phel9 and the third was in the pocket usually occupedly r esi due Leu
posed column shows the percentage of compouil
further details se&able2.9 (p155).

Table2.11 aboveshowsthethree side chaithree pocket matchebservedWhile the Phel9,
Trp23 and Leu26 pockets feature prominently in the side g@iket pairinggbove the

results in this last tabledicate that compounds often do not occupy all three of these sites in a



particularpose.They suggest that@ose such as that shownHigure2.8 (p129, wherethe

three sidechains of an oligobenzamidecupythe Phel9, Trp23 and Leu26 binding sitaght
be a rare, idalised conformation that refledtse similarity of the benzyl, napthyl and isopropyl
side chain®f the oligobenzamide showa the phenylalanine, tryptophand leucine p53 side
chains being mimicked.

The 22%residue of p53 is leucine. The Leu22 pocket appears frequeftbir2.11 above
however, thignightreflect itsproximity to the centre of the bindirgite as opposed &ny

significant involvement in ligand binding.

2.3.4.2 Loqistic regression reveals thathe relationship between side chain properties and

binding poseis not straightforward

The results above indicate that the choice of scaffold influencésrtieg pose and that
oligobenzamides can potentially bind to Mdmz2 in many different wityis. section describes
the application of logistic regressfdh(p292) to the docking results introduced above to
investigate the effect of side chain choice on binding pose.

Five Boolean questions were formulatekich could beasked of a particular compourfigure

2.18). The first, for example, was whether there wam®se where the middle side chaisin

the Trp23 binding pocket of Mdm2. This question was proposed because, of the 25000
compounds tested2% (13090 compounds) did have such a pose and 48% (11910) did not,
similar numbers, indicating that both scenarios are common, the outcome dependent on the
choice of scaffold and side chains. The subsequent questions were similarly selected to provide
large, roughly equal numbers of both positive and negative outcomes. While the first question,
described above, was applicable to every compound, the others were not, instead being
dependent on a particular orientation or conformation. However, these seffiisggestions

were selected to be applicable to a large proportion of the molecules.
The five questions (illustrated graphicallyfigure2.18):

1. Isthere a pose where the middle side chain is in the Trp23 binding pocket of Mdm2?

2. Ifthere are one or more poses where the middle side chain is in the Trp23 binding
pocket and another side chain is in the Phel9 pocket, is this other sidsiddainain
1 (the parallel conformation) side chairB (the antiparallel conformation)? (Moldes
with both a parallel and an antiparallel pose were excluded.)

3. If there are one or more poses where binding is parallel and involves binding in the
Phel9 and Trp23 pocketio side chains 1 and 2 bind or side chains 2 and 3? (Cases

where both poses oacad were ignored.)



4. If there are one or more poses where binding is antiparallel and involves binding in the

Phel9 and Leu26 pockets with adjacent side chains (straddling the Trp23 pocket), do

side chains 1 and 2 or side chains 2 and 3 bind? (Caseshuatieqgoses occurred were

ignored.)

5. Do any of the core parts of the compound occupy a binding site? The core was divided

up into 3 sections with the amide bonds defining where each section ended and the next

began. The heavy atoms were used to find theeef mass of each section (near the
middle of the benzene ring). As with the side chains, each of the core elements were
assumed to be in a pockethk distanceof its centre of massom the binding pocket

centre was less than a 3 A -off.
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Figure 2.18 A graphical summary of the 5 questions posed when investigating how side chains
affect binding pose For the purpose of logistic regression, the outcome on the left was treated as ¢
andte outcome on the right was treated as f ai
pockets normally filled by p53 residues Phel9, Trp23 and Leu26 respectively. Q1) Is the Trp23 pc
occupied by the middle side chain? Q2) If the middle siden is in the Trp23 binding pocket and
another side chain is in the Phel9 pocket, is this other side chain side chain 1 (making the compo
parallel to the p53 helix direction) or side chain 3 (antiparallel)? Q3) If binding is parallel and invol
binding in the Phel9 and Trp23 pockets, do side chains 1 and 2 or side chains 2 and 3 occupy the
pockets? Q4) If binding is antiparallel and involves binding in the Phel9 and Leu26 pockets with a
side chains (straddling the Trp23 pocket), do side cHaargd 2 or side chains 2 and 3 bind? Q5) Is th
scaffold bound in any of the binding pockets?

For analysis, the molecular weight, logP, number of heteroatoms and number of aromatic rings

were calculated for each side chain and the moleasl@swholeas described in the methods
section ([104). Binary logistic regression waerformed to generatéor eachof the five
questions above, farach scaffolda model to predicfrom the propertieghe answer to the
questionFor example, a model was fitted for each scaffold to predict whether side chain 2



would be foundn the Trp23 binding pockehbased on the nhecular weight (MW), logP

number of heteroatoms (H) and the number of aromatic (Rijgs side chain 2

A binary |l ogistic regression model predicts

the Ayesd outcome was treated as success

other questions, the former outcome giveow@bwas treated as success and the latter as failure.

Consequently, ifrigure2.18, the success outcomes are shown on the left and the failure

outcomes are shown on the right.

Table 2.12: Statistics for logistic regressionmodels generatedor each scaffold to predict whether
the middle side chain bound in the Trp23 binding pocket

Property of side . Significance j

Scaffold chain 2 J SE Wald P(H)

N1 MW 0.010 0.002 31.237 <0.0005 1.010
logP 0.304 0.068 20.074 <0.0005 1.356
Heteroatoms 0.029 0.013 4.978 0.026 1.029
Rings 0.104 0.074 1.982 0.159 1.109

O1 MW 0.006 0.002 13.068 <0.0005 1.006
logP 0.612 0.074 69.133 <0.0005 1.844
Heteroatoms 0.047 0.013 14.170 <0.0005 1.048
Rings -0.022 0.066 0.113 0.737 0.978

Sl MW 0.004 0.002 5.609 0.018 1.004
logP 0.581 0.070 68.969 <0.0005 1.787
Heteroatoms 0.038 0.012 11.001 0.001 1.039
Rings 0.058 0.062 0.863 0.353 1.059

02 MW 0.016 0.002 60.346 <0.0005 1.017
logP 0.695 0.126 30.323 <0.0005 2.004
Heteroatoms 0.027 0.013 4.351 0.037 1.027
Rings -0.292 0.066 19.642 <0.0005 0.747

S2 MW 0.016 0.002 94.326 <0.0005 1.016
logP 0.197 0.080 6.082 0.014 1.217
Heteroatoms 0.044 0.011 15.818 <0.0005 1.045
Rings -0.214 0.059 13.336 <0.0005 0.807

b is the coefficient of the model for the pri
properties are as foll ows. AMWO is the mol et
XlogP (pl04) . AiHet eroatomso is the number of hete
aromatic rings. I'n the ASEO column are showt
are required for calculation of the Wald statistics showinme #AWal do col umn. T

column gives the probability of a Wald statistic greater than the one obtained being generated due
chance if the nul IP°ishhg facor Hy etich the oflds ratid)is intreaset! whereth
value ofthe variable in question is increased by 1. For further details2& p

Table2.12 shows details athefitted modek for queston 1. In theb columnof Table2.12 are
theb parametesfor thefive modek (one for each scaffoldrachdescribes the effect affactor
(for examplemolecular weight) on the probability of teaccess outcom¥® aluesgreater than

0 indicate a higher value of the factor increases the probadiilttye succesanswerand values

less than O indicate the opposBecause eachvalue in the model has an exponential effect on

and

eithe
t he



the predicted probability (as shown in Equatfid® p292) its effect can benore easily
visualised by calculatind’ethe multiplier effect whictliecreasinghe factor (such as the
molecular weight) by 1 has on tbdds ratio of the success outcome {1ARhere P is the

probability of success) 892).

It is necessary to test whetheba par amet er is significantly di
statistical significancehe standard error dmcan be calculated. ¥Wald statistic is similar to a

t-value; it can be used to determine the statistical stgmifie ofan estimated |, given its
standard errofThe significance probabilitgssociated with each calculated Wald statistic

shown inthe penultimate column dfable2.12. Where the probability is less than 0.0%s

indicates hat,at the 5% significance level, the triaés not equal to O for that factahg factor

has an effect on the outcomEpr full details of logistic regression and the Wald statistic see

p292

Several trends can be seen inltgistic regression resultbove For all five scaffolds,
increasing the molecular weight and hydrophobicity of the middle side chain significantly
increassthe probability of binding in the middle positi. (The &values for méecular weight

(MW), logP and the number of heteroatoms are greater than 1 for every scaffold.)

Models were also generated fprestions 2 to.5he€® values arsshown for each modé
Table2.13 belowin the cases where the values were statistically significant at the 5%

significance level.

Question 1 concerned the middle side chain, side chain 2. Consequently, the factors for the
question 1 models (one model for each scaffold) were the moleculartweaih, number of
heteroatoms in and number of rings of side chain 2. Because question 2 concerns which way
around side chains 1 and 3 are (whether the oligobenzamide binds parallel or antiparallel to the
p53 orientation) the factors used in the modelsevtiee difference in molecular weight,

difference in logP, difference in the number of heteroatoms and difference between the number
of rings in these side chains. For questions 3, 4 and 5 the properties of the whole molecule were

used as factors.

Question2 asked whether binding was parallel or antiparétiehe p53 binding orientation. For

this questioné® is less than 1 in the molecular weight (MW) row for each scaffold. This

indicates that #argerside chain at position 3 relativettmatat position 1 favours binding in the
antiparallel conformatiarThis conformation places the large side chain in the Phe19 binding

site, which is deeper than the Leu26 site so could better accommodate a large si@Rishain.
significantly gnrgesaot errowsh afnorl tihne thNle, AQ2 and !

the more aromatic ringbere are in side chaBirelative toside chain 1, the more likely parallel



binding is (even though theg®rease the size tiie side chain). The rigidity of aromatic sid

chains might prevent them from filling the Phel19 pocket in the antiparallel pose.

Table 2.13: €” values from all of the logistic regression analyses where thesult is significant at the
5% significancelevel (P(H)<0.05)

€ of property for each question

Question 1 2 3 4 5
Property describes Side  Difference Whole Whole Whole
Scaffold  Property chain2 SCxSC1 molecule molecule molecule
N1 MW ¢ 1.010 D 0.972 D 0.996 D 0.988

logP ¢ 1.356 D 0.868

Heteroatoms ¢ 1.029 ¢ 1.088 ¢ 1.207

Rings ¢ 1227 ¢ 1.341 ¢ 1.285 D 0.539
o1 MW ¢ 1.006 D 0.985 D 0.996

logP ¢ 1.844 D 0.753 D 0.866

Heteroatoms ¢ 1.048 ¢ 1.074 ¢ 1.129 D 0.915

Rings D 0.745 ¢ 1.381 D 0.783
S MW ¢ 1.004 D 0.983 ¢ 1.008 D 0.997

logP ¢ 1.787 D 0.689 D 0.823 D 0.878

Heteroatoms ¢ 1.039 ¢ 1.074

Rings D 0.793 ¢ 1.364 D 0.748
02 MW ¢ 1.017 D 0.984 D 0.995

logP ¢ 2.004

Heteroatoms ¢ 1.027 D 0.868 ¢ 1.207

Rings D 0.747 ¢ 1.618 D 0.659 ¢ 1.241 D 0.823
S2 MW ¢ 1.016 D 0.988 D 0.995 D 0.993

logP ¢ 1.217 D 0.751 ¢ 1.147

Heteroatoms ¢ 1.045 D 0.821

Rings D 0.807 ¢ 2.112 D 0.679 D 0.895

€’ values indicate the multiplier effect an increase of 1 in the value of the property has on the pred!
probability of a positive prediction. Consequentfyalues greater than one indicate a positive (but ni
linear) correlation between the propeatyd the probability and values less than 1 indicate a negative
correlation.

Question Zoncernedompounds binding parallel using the Phel9 and Trp23 podkasked
whether they bound in these pockets using side chains 1 and 2 or side chainsThand 3.

overall properties of the molecule werged as factordlore hydrophobic molecules appear to

be more likely to bind ithelatter conformation becaug®is less than 1 in the logP row for

every scaffold and for scaffolds N1 and @2is less than in the heteroatom rows. (The

presence of heteroatoms is indicative of more polar functional groups.) The Leu26 pocket is not
deep. If the side chains are all hydrophaobic, this pocket might not be used because it would not
sufficiently bury the side chain it, leading to entropically unfavourable ordering of the solvent

molecules around the exposed part.



Larger molecules appear to be more likely to bind with side chains 1 afds2egs than 1 in

the MW row for scaffolds N1, O2 and S2 alds less han 1 in the aromatic rings row for

scaffolds O1 and S1.) Larger side chains were tested at side chain positions 1 and 2 than at
position 3 due to the increased size of Phel9 and Trp23 compared to Leu26 in p53 (imitated by
side chains 1, 2 and 3 respeciyvia the paradigmatic model of oligobenzamide

peptidomimicry). Consequently, the results suggest that if large side chains are used at positions
1 and 2, the oligobenzamide binds with these side chains in the Phel9 and Trp23 binding
pockets to take advaade of the potential to fit closely into these large pockets, maximising the
van der Waals forces between the protein and small molecule.

As shown inFigure2.18, question 4was similar to question [3ut for parallel conformations

straddling the central binding pocketerethe effect is cleaithe number of aromatiings

appeasto be the onlyonsistently important factor. The presence of rings favoiadingwith

side chaind and 2over binding vith side chains 2 and 3. Aromatic side chains were primarily
tested at positions 1 and 2 so these results suggest that if there are big, aromatic groups at these
positions, then straddling of the Trp23 binding site is not possible, probably due to steric
hindrance Binding with side chains 2 and 3 would leave an aromatic residue at side chain
position 1 free to interact with an aromatic residue of Mdm2 such as His96 or Tyr100, which
would be nearby.

TheNagelkerke Rvalue$® for a fitted modelndicate thedegreeto whichit explains the
variation in the observed results. They rafigen 0 (no explanation) to 1 (sufficient to fully
describe the observed resulfEBhe Nagelkerke Rvalues for question @N1: 0.02, O1: 0.07, S1:
0.11, O2: 0.01, S2: 0.0ipdicate that the models do not explain the results. vibky suggest
that otherpropertiesvhich werenot considered amauch more important for determining the
pose. The two possible poses for this question showigire2.18 are very different so many

factors could determine which one prevails.

Finally, with regard to question e core appears to besslikely to be involved in bindig if

the side chains are particularly bulky, particularly vifte N1 scaffold, where tHe¢agelkerke

R? (0.298) suggesthat the modegxplains 30% of the @erved variation in the results. A

possible explanation is that it is only energetictdiyourable for the side chains to bind instead

of the core if they are large enough to fit closely into the binding pockets and not leave a void in

which there are no ligand atoms to form van der Waals interactions with the protein.

Figure2.19 belowsummarises all of the logistic regression results.
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Figure 2.19: The effect of different side chain properties on which of two possiblconformations

are taken up by an oligobenzamideThe black arrows indicate how the relative probability of the tw
poses changes. For example, with regard to pair of poses 1, a large middle side chain favours the
relative to the pose on the right.

If oligobenzamides bind in many different ways to Mdagsuggested by the results of this
analysisthis could be partly responsible for the poor correlation between thermodynamic
integration predictions anekperimentatesults(p151) becausé'| relies on the compounds

beingcompare binding in similar positions.

It has so far been assumed that side chains each make independent costtdiingdnnding
energybut if the choice of side chains has a largpacton binding posibn then this would
suggest that bating affinity is a complex function of trmmbination of side chains rather than
the sum of independefactors. Tl isnot suitable where side chains do not act independently
because it uses significant computing poama this make# impractical to use it to assess

every member of lrge combinatorial library.

Tl is best suited to assessing the effect of a small change to a maleoylposed tanking a
whole library.Furthermore,d assess the performance of &hoe the results of all of the side

chains should ideally be completely independent and this is difficult to achieve using Tl



2.3.5. MM -GBSA AND MM -PBSARESULTS

2.3.5.1.Binding energies predicted by implicit solvent methods correlate better with

experimental results

In this section, the challenge of predicting the relative affinitidbe81 N-linked compounds

introduced orpl42isrevisited A moder ate correlation (with &
0.60) is shown to exist between the meaguamking and the ranking predicted by both the

MM -PBSA and MMGBSA methods. The correlation is shown to be robust to changes in the
number of docking poses used, the ionic strength, whether a separate trajectory is run of the free
ligand and the set of Alber Born radii used (in the case of the MBBSA method).

As described above151), thermodynamic integration results did not correlate well with
measured affinities. The docking results ab@ib3) suggest that this could be because an
assumption necessary for the Tl appra@cheused, specifically that oligobenzamides all bind

in a similar place, is invalidChe MM-GBSA and MMPBSA methods (introduced @&6) can

be used to rank a series of compounds using as little as one trajectory per compound.
Consequently, unless the trajectories are very long, a variety of different poses can be tested for
everymember of a large librarfecauseach sidechain combintion can be investigatedhdre

is no need taassume that the oligobenzamides being compared all have a similanpastedy

each side chain in isolation.

Development of fast method of testirlarge number afompounds could be more useful
thanthe development of slower more reliable methodf affinity prediction becausthe

affinity of a small number of compounds can be assessed accurately in the labBffudris
underway to automate oligobenzamide production using microwave syfith&sighermore,

assay methods such as the fluorescence polarisatian dsveloped by the collaborating
chemistry grouff and a FRET assay described in the next chapter can potentially be performed
with large numbers of compounds on a microwell plate. These methods could soon allow large
scale oligobenzamide production and testing in the laboratory, making a slow computational

method obsolete.

To assess the ability of the MBABSA and MMPBSA methodso reproducexperimental
results, they were used to predict Bieding affinitiesof the 31compoundgor which
fluorescence polarisatiorxgerimental data was available (introduced ©42. Simulations

werestarted fronthe daking poses with the highest scores frazach of three docking repeats.

Toinvestigate the rate at which simulations of oligobenzamides withkid side chains
equilibratedthe RMSDs for the first part of 50 randomly selected trajectories were studied
(Figure2.20). By visual inspection of individual trajectories from this set in isolation, it was
decided that, in the majority of caseguilibration had occurreafter 250 ps(that the RMSD



appeared to be fluctuating around a camstalue) and this was the equilibration time used for
subsequent work. Inspection Eifjure2.20 suggests that the RMSDs could still be increasing
after 250 ps but this could be because viewing the trajectories overlayed istsiwidaving

an average RMSDf the mean RMSD of multiple trajectories involving different ligands is
plotted, equilibration appears to take longer than if individual trajectories from the same set are
inspected. This is because the average RMSD keepsasitogeuntil every single simulation in

the set has equilibrated, which, given variation in the required equilibration time for systems
containing different compounds, could be significantly longer than most simulations require.

4.0 -

3.5
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Figure 2.20: Equilibration of compounds based on thé&l-linked scaffold: RMSDs of the protein and
ligand atoms in a random selection of 50 trajectoriesf 573 different moleculesbound to Mdm2.

The RMSDs are relativi® the structure prior to any simulation. Some equilibration occurred during
constant volume simulation prior to t=0. Water and ions were removed prior to analysis. Snapshot
aligned prior to the RMSD calculation (but after removal of water and fore)count for rotation of the
entire system. The red line at 250 ps indicates the point after which snapshots were useePBENM
and MM-GBSA calculations.

After equilibration at constant volume, simulatiamsre run for 750 pat constant pressur&s
discussed abovesé first 250 ps were discamiéeaving 50(ps, from which MMPBSA and

MM -GBSA results were derived. Longer simulations could have been carried out but the desire
was to use the same simulation lengths as would be used to invedatigateumbers of

compounds later.



Table 2.14: The predicted free energies of binding for 31 compounds based on the N1 scaffold,
generated using theMM -GBSA and MM-PBSA methods

GBSApredictions /kdnol™ PBA predictions /kdmol™*
Egiigtgry Single Double Triple Single| Single| Single Double Triple Singlel Single
IS 0 0 0 0.35 0 0 0 0 0.35 0
Side . . o S
chains igh=1 igh=5 indi=1 indi=4

4-4-11 -185.9 -172.3 -192.2 -182.9 -169.6 -151.7 -138.6 -160.5-151.9 -500.1
11-1-18 -188.1 -181.1 -181.9 -185.3 -173.3 -155.8 -149.0 -148.0 -156.1 -497.0
11-2-19 -195.6 -189.4 -199.8 -192.5 -180.5 -158.6 -152.9 -162.4 -158.7 -551.6
11-3-19 -187.4 -179.1 -209.6 -184.4 -172.5 -151.7 -143.2 -175.6 -151.9 -508.5
11-4-15 -184.8 -168.1 -206.1 -181.9 -167.9 -148.1 -132.1 -169.9 -148.5 -543.3
11-7-19 -184.9 -173.1 -175.6 -182.0 -171.3 -151.4 -139.9 -143.5-151.7 -509.0
11-11-19 -171.7 -163.5 -166.9 -168.7 -157.5 -138.6 -131.0 -122.5-139.0 -502.4
11-1819 -168.8 -166.8 -191.6 -165.8 -153.7 -140.2 -138.3 -166.7 -140.3 -501.7
11-1911 -164.7 -166.2 -188.5 -161.6 -149.5 -134.2 -135.7 -152.8 -134.2 -535.5
11-20-19 -177.7 -171.9 -169.8 -174.7 -165.2 -148.5 -143.2 -143.5-149.0 -511.2
11-21-19 -153.7 -150.2 -179.9 -147.4 -139.0 -123.3 -120.2 -146.2 -123.8 -769.2
11-22-19 -158.3 -151.7 -176.7 -158.4 -137.4 -123.7 -117.8 -143.1 -123.7 -236.7
11-2419 -172.1 -161.5 -187.3 -169.2 -157.9 -139.5 -129.3 -150.3 -139.8 -500.4
11-2515 -172.7 -167.5 -197.3 -169.7 -157.4 -136.1 -131.6 -157.7 -136.1 -522.2
11-2519 -177.9 -169.5 -178.6 -174.9 -166.4 -142.5 -134.9 -140.9 -143.1 -511.3
11-27-19 -171.8 -161.4 -183.2 -168.8 -162.2 -126.7 -116.9 -133.1-126.7 -514.0
11-2819 -191.3 -183.7 -189.3 -188.4 -176.6 -156.6 -149.1 -149.7 -157.0 -506.9
11-29-15 -173.4 -167.0 -172.7 -170.5 -157.4 -142.2 -135.7 -149.2 -142.4 -530.8
182924 -174.7 -169.6 -166.0 -171.8 -162.2 -142.5 -137.4 -137.2 -142.7 -492.8
19-5-19 -175.7 -168.9 -175.1 -172.9 -162.4 -148.8 -142.3 -141.4 -149.2 -464.1
192419 -171.4 -161.4 -164.6 -168.4 -157.4 -141.4 -131.4 -133.7 -141.7 -501.2
24-4-19 -196.4 -186.0 -198.7 -193.6 -180.5 -160.5 -150.9 -166.1 -160.8 -529.8
242918 -183.0 -182.3 -170.1 -179.9 -167.8 -147.3 -146.3 -132.1 -147.4 -559.7
251-15 -190.5 -184.4 -194.2 -187.6 -176.6 -155.8 -150.5 -151.2 -156.1 -505.8
254-19 -181.0 -168.9 -192.5 -178.2 -166.8 -146.6 -135.0 -157.4 -146.9 -484.2
252015 -173.3 -167.1 -154.2 -170.4 -162.6 -142.1 -135.9 -122.3 -142.4 -503.6
26-1-18 -192.7 -188.8 -192.3 -189.8 -178.3 -158.7 -155.0 -159.4 -159.1 -516.7
26-4-18 -195.1 -179.5 -193.7 -192.2 -178.3 -160.4 -145.9 -158.1 -160.8 -551.9
26-4-19 -203.7 -185.2 -203.2 -200.8 -188.0 -167.3 -150.0 -170.5-167.6 -546.0
29-5-19 -190.4 -184.1 -196.4 -187.4 -176.0 -154.1 -148.1 -159.8 -154.5 -533.5
29-26-19 -193.6 -188.9 -210.4 -190.5 -185.5 -162.7 -157.3 -180.8 -162.8 -564.8
Median  -181.0 -169.6 -188.5 -178.2 -166.8 -148.1 -138.6 -150.3 -148.5 -511.2
IQR 181 16.1 200 181 186 150 151 179 151 33.1

For both the MMGBSA and MMPBSA methods, 5 different sets of results are shown: results for th
single, double and triple trajectory methods with default settings and then results calculated using
single trajectory method with either the ionic strengthrsther parameter as shown changed as
indicated. In the single trajectory method, the energies of the protein and free ligand are calculater
the trajectory of the complex, ignoring the other component of the complex. In the double trajector
method the energy of the free ligand is calculated using a second simulation of the complex in isol
Finally, in the triple trajectory method, a separate simulation is usually run of the free protein in ad:
to simulations of the complex and free ligahthis case, because the estimates were solely for the
purpose of ranking, the mean protein @G froi
G for all ' igands when wusing the 123r i Phe iiirg
controls the Amber GB method used. When igh=1, the original method of calculating the Born rad
used (described by equatioh82 to 1.84 in the introductory chapter §3)). When igh=5, the Born radii




are scaled to account for the radii of buried atoms being underestimated by the originaffhétbod
further details seel24. The Aindi o parameter is the diel
macromolecules, expressed as a multiple of the permittivity of a vacuum (8.8% knif). See g9 for
more information on relative permittivity and its use in the NEBSA method. IS=lonic strength.
IQR=Interquartile range.

Table2.14 showsbinding energies predicted by the MRBSA and MMGBSA methods
averagng over theop thregposes from three docking repeats so each result is based on 9

simulations, 4.5 ns of simulation time in total.

The rationale behind this decision to average over the top three poses is worth discussion.
Docking scores are typically ppmeasures of binding affini§}°% This is to be expected,

given the need for a scoring function to predict affinity frmsingle pose as opposed to an
ensemble of the possible conformations which a compound can assume within a binding site.
Because the docking poses generated by Autodock Vina might not be ranked correctly, it could
be unreliable to base predicted affingtien simulations run from just the highest scoring poses

of each compound.

Rather than averaging over the top three poses, an alternative would have been to run
simulations from multiple poses, calculate accurate affinity predictions from each trajextory a
then select the best (most negative) predicted binding energy. However, the best affinity
calculated might have been the best due to chance, not because the pose used to start that
simulation corresponded to the correct binding Jiteerefore, using b method could have led

to the results being based on the wrong trajectories. Furthermore, there might not be one
predominant binding site; the top poses found by docking could all indicate valid binding sites
with similar affinities, the laboratorgneasuwed binding constant being a function of the binding

constant at each of these sites.

Initially, trajectories from the three highest scoring binding poses for each compound were used
because three is the lowest number of readings from which a mean wihably sized

confidence limits can be calculated.

The large number of results shownTiable2.14 reflects the variety of different methods which

can be used to estimate binding affinities. Presenting results foihgsst methods that lead to

good correlations with the measured affinities would give an unrepresentative picture of the true
accuracy of the methods. Results for different methods are also useful to assess the robustness

of the predictions to changes hetsettings used.

One method choice, which is indicated in the third roWatfle2.14, is the number of
trajectories to use to calculate each affirlitythe single trajectory method, the protein and

ligandcoordinates are extracted findhe trajectory of the compleassumed to be



representative of the unbound molecwad used to calculate the energy of the free protein and

free ligand In the double trajectory method, theergyof the free ligand is caltated using a

second trajectory of tHegandin isolation.A triple trajectory method can also be performed in

which a third simulation is run of the free protein. In thisrk, because the estimates were
solely for the purpose of rankingh e fajréepl er y® resul t sthewer e gert
mean proteigds (from the single trajectory method resulis)the free proteigiG for every

ligand For further details sq&l23

Two of the Generalised Born methods available in ANRBBwitched between using the igb
setting) were tested (using an ionic strength of 0). These were the original model (igb=1)
described by equatioris82to 1.84 in theintroductory chaptenp89) and a modified model

(igh=5), where a function with empirically derived parameters is used to rescale the Born radii
of atoms based on the degree to which the atoms are buried and in so doing actioent fo
underestimation of &n radii within macromoleculé¥. For further details sqe 24 The

original modelwas also tested using an ionic strength.86 M, which is close to the ionic
strength of the buffer used in the laboratory assays-mB@A results were also obtained using

two different ionic strengths and two different values for the internal dielectrstarn

Table2.14reveals how ifferent results are obtainedepending on the trajectories used to
estimate the solvation energy oétfree ligand and free proteifihe range of the results was

higher when using the triple trajectory method as opposed to the singlewdld trajectory
methods. This suggests that subtraction of the vacuum and solvation energies of the unbound
protein calculated using the trajectory of the complex compensates for some of the variation in
the potential energy of the complex. The restiésdfore advocate the use of a single or double

trajectory approach.

While the results of the different methods showmatle2.14 differ, they are largely similar

with the exception of the MNPBSA results obtained i a dielectric constant of 4 in the
rightmost column. The calculated binding energies are all large in magnitude (very negative)
and these are especially so, with a predicted median free energy chabit@ kaf mof. The
change in entropy of the proteand ligand isiot intrinsically included when predicting binding
affinities using the MMPBSA and MMGBSA methods. To investigate whether this missing
entropic effect was responsible for the extreme valu@snal mode analysis was performed on

the trajetories.

Normal mode analysis momputationally expensive anchias been found tatroduce
significant error because the resutfften varysignificantly between snapshotSonsequently, it
is often not performed when similar ligands binding to the ssitaeare comparéd®> Smilar
entropy changes were calculated regardless of the trajectory method usieelands little

variation between the results for the different compounds. For exaaspapwn imable2.15,



the integuartile range of the results for the different compowrsiisg the single trajectory

method was 21.6mol* K™, which is just5% of the median entropy chan@®proximately)

The rightmost columof Table2.15 shows the amount which must be added and subtracted
from each value in the single trajectory entropy column to generate its ujpidemeam 95%
confidence limits(A mean entropy was calculated for each of the three repeats (using the top
three poses in that repeat) and the confidence limits are based on these three means.) The
median of theconfiderce limit values is 25 Jmol™* K* sothe median distance between the
upper and lower confidence limits of thetropy values (twice this, 515nol* K™) is more
thandoublethe aforementioned interquartile range of éinéropiegshemselves. Although
increasing th@umber of repeatsould increase the accuracy, the large error is consistent with
the findings of the research cited ab8Vé® which foundthat including he effect of entropy as
predicted by normal mode analysiéendoes not improve the accuracy with which the relative
affinities of ligands can be calculated.

The binding energy of the effective pB&Im2 interaction inhibitor Nutlif8 is-42.4 kJmol™
based on its published Kf 26 nM (assumed to have been measured at 2898 While
including the effect of the entropy might not improve the ranking, its inclusion sfolis ofthe
binding energies predicted blye MM -PBSA and MMGBSA methoddrom around-150kJ
mol™* and-175 kJmol™ respectively to more reasonable values are@fckJmol* and-55 kJ
mol™. It does not shift the MMPBSA results obtained with a dielectric constant of 4 in the
rightmost column ofrable2.14 to reasonable values, suggesting that these results are

anomalous.



Table 2.15: Normal mode analysis osimulations ofthe 31 N-linked compounds synthesised

Side Entropies /Kmol™* K* Overall entropy for each 95% Limits

chains = trajectory method /dnol* K* | For Single
>< S > g > g ° > Trajectory
© |85 |38 85S Method ()
E | 28 (528|800 8= /3 mol* K*
8 £8s 31 S'S _37 e Single Double  Triple

4-4-11 16.34 1535 1.435 1.421 | -4443 -430.1 -442.3 7.1

11-1-18 | 16.21 1537 1276 1.262 | -435.8 -422.2 -409.5 30.4
11-2-19 | 16.22 1535 1.282 1.275| -418.1 -411.8 -420.0 18.6
11-3-19 | 16.24 1535 1.316 1.312 | -426.4 -422.0 -430.0 34.4
11-4-15 | 16.23 1535 1.321 1.303 | -435.2 4175 -432.9 24.2
11-7-19 | 16.27 1537 1.324 1.303 | -423.2 -402.0 -394.7 18.4
11-11-19 | 16.20 1536 1.252 1.242 | 4079 -398.0 -401.2 38.6
11-1819 | 16.15 1535 1.216 1.214 | -416.9 -4154 -425.6 29.6
11-1911 | 16.17 1534 1.233 1.228 | 4124  -406.7 -424.4 11.7
11-20-19 | 16.22 1537 1.254 1.250 | -406.1 -402.2 -390.4 27.8
11-21-19 | 16.18 15.38 1.217 1.217 | -415.7 -416.0 -401l.1 25.7
11-22-19 | 16.17 15.35 1.240 1.243 | -425.0 -428.4 -436.2 46.4
11-24-19 | 16.22 1536 1.268 1.261 | -415.3 -409.0 -407.4 19.4
11-25-15 | 16.18 15.35 1.245 1.241 | -409.0 -405.3 -421.2 29.4
11-2519 | 16.22 1536 1.266 1.261 | -405.5 -400.6 -403.4 11.0
11-27-19 | 16.20 1535 1.270 1.266 | -419.2 -4146 -429.4 35.7
11-28-19 | 16.24 15.37 1.319 1.307 | -441.2 -429.2 -424.4 19.9
11-29-15 | 16.23 15.38 1.249 1.253 | -397.8 -401.7 -380.5 10.7
182924 | 16.21 1537 1.266 1.269 | -433.0 -436.8 -425.3 20.3
195-19 | 16.23 1535 1.303 1.299| 4196 -4154 -430.9 17.5
192419 | 16.20 1536 1.240 1.236 | -407.1 -403.1 -400.4 35.6
24-4-19 | 16.29 1537 1.360 1.341 | -446.7 -427.4 -4175 10.7
24-29-18 | 16.22 1537 1.272 1.276 | 4254  -4295 -422.6 18.8
251-15 | 16.24 1538 1.285 1.276 | -431.5 -421.8 -401.9 26.8
254-19 | 16.29 1536 1.357 1.340 | -431.2 -414.0 -413.9 42 .4
252015 | 16.21 1536 1.251 1.245 | -401.0 -395.0 -3984 61.6
26-1-18 | 16.23 1537 1.297 1292 | -4356 -430.9 -420.2 18.4
26-4-18 | 16.27 1536 1.352 1.341 | -440.1 -4295 -4344 21.8
264-19 | 16.29 1537 1.365 1.352 | -449.8 -437.1 -424.3 47.4
295-19 | 16.26 1535 1.350 1.351 | -442.0 -443.0 -455.2 39.5
29-26-19 | 16.23 15.37 1.293 1.293 | -434.2 -433.3 -429.7 34.9
Median | 16.22 1536 1.276 1.275| -425.0 -416.0 -421.2 25.7
IQR 0.04 0.02 0.068 0.057 21.6 23.4 26.9 N/A

Entropies for the complex, free protein and free ligand were calculated from trajectories of each M
compound complex using Amber nmode. Subsequently, angaher for theentropy was calculated for
each compound using simulations containing only tjenid. The overall entropy difference for single,
double and triple trajectory approaches was then calculated. In the single trajectory method, the e
change of binding was estimated using only the entropies calculated from the trajectory of th&.con
In the double trajectory method, the entropy of the free ligand from the trajectory of the ligand in is
was used. In the fAtriple trajectoryo method,
third column) was used as the freetpio entropy for every ligand. (Se&28) The rightmost column
indicates the error in the single trajectory method entropies. It shows the amount which must be a
and subtracted from each entropy in tilec6lumn to generatiés 95% confidence limits. The error in
normal mode analysis entropies means that the entropy change of the protein and ligand is often i
when making MMPBSA and MMGBSA prediction$®. IQR=Interquartile range.




The results shown above were generated using the top three poses produced in each docking
repeat. To investigate whether this was the best number of poses thaucorrelation between

the predicted relative affinities amdfinities measured in the laboratory using fluorescence
polarisation by Kerya Long (University of Leedsys determined using different numbers of
poses from each repe&idure2.21). For this analysis, the binding energies predicted with the
full MM -PBSA method and the single trajectory approach were used (for reduced Tiwse).
relative internal dielectric for buried atoms and the ionic strength were left at efenintd

values of 1 and O respectively.
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Figure 2.21: The effect of the number of docking poses of each molecule considered on the
magnitude of the Spear mands Rewen flooesdntei ci e nt
polarisation results and predicted MM-PBSA binding energies The single trajectory method was
used with the internal dielectric constant set to 1 and the ionic strength set to 0 (the default values

There is a drop ithecorrelation in going from using two poses to using tloeiur.

Although, this result might be due to chance, it suggests that the top two poses are
representative of where oligobenzamides actually bind but that the third and subsequent poses
are less saConsequently, the coefficients showriliable2.16 andTable2.17 belowwere

determinedusing the first two docked posttem each of the three docking runs.

Table2.16 andTable2.17 shows the correlation between pdd and experimental results
obtained using different methods moderate correlatiowasobtained for both the single and
double trajectory methods usibgthMM-PBSAand MM-GBSA,usinge i t her Pear sonbs

productmomentcorrelationco e f f i ¢ i e n tsraokrand&ipgarionio sirength of O or



0.35 M.However, they are consistent with the results of the triple trajectory method being less

reliable than those produced by the single and double trajectory approaches.

Table 2.16: The effect of the number of trajectories used and including entropy on theocrelation
coefficient between predicted binding affinities and fluorescence polarisation singf@oint assay
results

Trajectory Method No entropy With entropy
Method Pearson Spearman Pearson Spearman
, GB
Single PB
B
Double (I:B
. GB
Triple PB

There were 3tompounds in total. All of the correlations are statistically significant.-8BSA and
MM-PBSA can be performed using a 1, 2 or 3 trajectory approach. These were implemented as d
in the methods section. Correlations were calculated with and witloonrial mode analysis entropies
included. The colour reflects the coefficients shown in each box; the strongest correlations are hig
in blue and the weakest ones are indicated in red.

Table 2.17: The effect of the GB method used, internal dielectric constant and ionic strength on the
correlation coefficient between predicted binding affinities and fluorescence polarisation single
point assay results

lonic strength No entropy With entropy
Method
IM Pearson Spearman Pearson Spearman

GBigb=1 0 0.563 0551 | 0580 0573
GBigb=1 0.35 0.545 0.551 0.498 0.505

GB igh=5 0 0.549 0.511 0.508 0.517
PBindi=1 0 0.556 0.498
PBindi=1 0.35 0.560 0.549
PBindi=4 0 0.376 0.368

There were 31 compounds in total. These results were calculated using the single trajectory meth
Generalised Born (GB) and Poisson Boltzmann (PB) methods were used to calculate the electros!
component of the solvation energyiagdicated. Two different GB models provided by Amber, switche
between using the igb parameter, were used, the original model (igh=1) and a modified model (igk
the latter, a function with empirically derived parameters is used to rescale the @bof adoms. For
further details seel24. When using the PB method, two different relative dielectric constants were
for buried atoms, the default value of 1 and a higher value of 4, set using the indi parameter. For r
information on relative permittivity and the M/MBSA method, seed®. The colour reflects the
coefficients shown in each box; the strongest correlations are highlighted in blue and the weakest
indicated in red.




Figure2.22 shows graphically the correlatiovith the MM-PBSA method with an ionic

strength of 0 and internal dielectric constant (relative permittivity) of 1. The correlation is
negativebecause the more negative the free energynaling for a compound, the more

strongly it binds to Mdm2 and the greater the extent to which it is likely to displace the labelled
p53 peptide in the competition assay which was used for laboratory testing. For more details of
fluorescence anisotropy @ithe competition assay se48p
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Figure 2.22: The correlation between MM-PBSA results and single point assay result3 he single
trajectory method was used with the internal dielectric constant set to 1 and the ionic strength set"
default values). The data are positively skewed on the binding energy axis and negatively skewed
abscissa, supportinguse®p ear mandés rank as opposed to Pe:
coefficient. A negative correlation is apparent from this graph, as expected given that the more ne
the free energy of binding, the greater the affinity of the compound for Mdmaasdhe greater the
expected inhibition at the concentrations tested in the competition assay (@@obenzamide, 54.5
nM fluoresceinlabelled p53 peptide and 41.5 nM Mdm2 L33E). Although the results suggest that tt
could be a linear correlation bexen the predicted free energies of binding and the percentage inhib
the correlation would not be expected to be linear given the exponential relationship between bind
energy and association constant.

As shown inTable2.16 andTable2.17, there is not a clear improvement in the correlation
coefficients observed when the entropy from normal mode analysis is. dddeds interesting
because, due to its lack of intramolecular hydrogen bontlieg\1 scHold is the scaffold
most likely to lose entropy upon binding.



In conclusion, the results in this section reaeadoderatecorrelation between predictions and
experimental results for compounds based on the N1 scaffold. Whileettistrenanyways in

which MM-GBSA and MMPBSA results can be calculated and predictions were made after the
experimental data were made available, the results indicate that the observed correlation is
visible using bothlhese implicit solvent method@sd using a variety of diffent settingsThe

best correlations were obtained with the MNBSA method using a single or double trajectory
approach.

Although a few compounds based on scaffold O1 were nitadas only possible to compare
practical and computational results for 6 canmpds and there was a high degree of error in the
experimental results. A strong correlation was not observed and so the small number of readings

meant that no conclusion could be drawn.

2.3.5.2. ANOVA: side chains interact with each other but the interactions aremall in

magnitude

Testing every member of a large combinatorial library in multiple binding positions is

computationally demandin@®nce every library member hasen docked and the likely binding
sites of ligandfiave beeidentified, side chains couldebnvestigated individually within each
bindingsite by a method such as thermodynamic integration. This might overcome the problem
of ligands binding in different placdmit require fewer simulation$o predict whether such
methods would work, a deeparderstanding of the relationship between thaaehof scaffold

and side chains aranding pose and predicted binding affinity is necessary. This section
describes the production of MIBSA predictions for every member of a large combinatorial
library andanalysis of the results using ANOVAescribed orp294) to determine the

complexity of model necessary for affinity prediction.

To eliminate the effect that side chains hav
bindingpose it is necessary to compare the affinities of oligobenzamides all bound in the same
position. In this project, two separate approaches were used to generate docking poses at a

particular site.

The first method entailed taking the O1 scaffold startimgpound pose~gure2.1, p102) with

its side chains in the Phel9, Trp23 and Leu26 binding sites, modifying the sideircisains

and then optimising the pose using Autodock as described in more dedail blis method is
useful in that it ensures that a pose is obtained for every combination of side chains. ANOVA
analysis is more reliable when there are equal numbers of results for every cell (factor value

combination) (£96)%°'.

The second method involved docking poses as normalg(Asitodock Vina) and then selecting

poses which bound at a particular sitgég@. This method results in missing data where



docking fails to generate a pose for a particular ligand within the site of interest and the results

thus require more complex treatmen29p).

The inherent problem of missing binding data where compounds in a library do not bind to a
protein may be one of the key reasons why ANOVA has not previously been used to investigate

the interaction of functional groups in ligand binding.

2.3.5.2.1. Simulations started from poses derived by side chain replacement
followed by pose optimisation within a particular binding site suggest a three -way
interaction between the three side chains but the predict ed binding energies are

positive, which impl ies the docking poses are unnatural

Simulations were run with every possible combination of 12 side chains at the three side chain
attachmenpositions on scaffold O1 (1728 compounds in total). The side chsgdsvere

numbers 1, 2, 3, 4, 5, 6, 11, 19, 22, 26, 47 and 48Fi§aee2.2 (p103 for the structures.
Simulations werestarted from the best pose obtaine@ach ofsix separate sets of Autodock 4
local searchesAs detailed in the methodpl09), a local search in Autodock involves
optimising(minimising the potential energy dd)pose close to the binding pose. Hére,

dockedO1 scaffold starting molecul@igure2.1, p102 with side chains in the Phel9, Trp23

and Leu26 binding sitggigure2.8, p129 was taken, the side chains were changed (.5iohg
Chain Splicer, p05 and the thelocal search was used to positite compound as best

possible.

Six short simulations (500 ps)ane performed for each compoundheBecond250ps of each
trajectorywasused for analysis smtotal of1.5us of simulationwas used for calculation of

each binding energy (because there were six repeats).

Althoughthis local optimisatiormethodwasconvenient because it resulti@ca set number of
poses for every combination of side changlthe subsguent ANOVA was balancgthe free
energies of binding subsequently predicted usindvie PBSAmethod wergositive. This is
evident from the last line dfable2.18, which shows various statistics for the variables
calculated. While the MMPBSA results exclude theffect of theentropy change of the ligand
and receptor upon binding, this is typically negative (as showahite2.15, p171) so increases

the free energies when included, rather than reducing them.

Thealmost universallypositive binding energies predicted are not consistent with the known
binding ofmanyoligobenzamides to Mdm2 when present@tcentratios far below 1 mol

dm®. Consequently, the docked poses used to start the simulations might not have been
representative of where compounds actually bind. The local docking method finds the best
binding pose for compounds assuming that they bind in the gasitéon as the starting

compound. This assumption might be incorrect.



Table 2.18: Statistics for the predicted binding energies of O1 scaffold oligobenzamides

Median Range Interquartile range
Gas phas@ n D Vvan der Waals 44.28 56.99 9.00
/kJ mot* Electrostatics 40.67 302.21 68.30
Complex 7046.0 520.2 78.9
Receptor 6695.5 305.5 56.7
Ligand 277.0 151.0 26.8
Overall 83.59 310.00 71.15
{ 2t @I G A poisson Boltzmann -60.09 287.33 67.27
/kJ mot* Surface area 4,240 5.212 0.758
Complex 1403.3 584.6 96.4
Receptor 1331.7 267.5 48.9
Ligand 121.2 207.8 27.6
Overall -64.15 288.21 67.49
Total 19.37 41.53 6.06

Predictions were made using the MMBSA method. The simulations were started from poses gener.
by in situside chain substitution followed by local pose optimisation using Autodock.

Despite their unusually high values, a full factorial ANOVA wasformed on the MMPBSA
predicted binding energies. A full factorial ANOVA is one in which the fitted model contains
all of the possible interaction termshdmodel used in this case can be described using the

following formula

® 4 O 00 OO O 0 OO T 57
Where Y is thebinding energyf a ligand (actuallyaised to the powdl.65here to increase
residual heteroscedasticity as discussed below) with side chains i, j and k, which it is assumed
can be predicted by the summatiorvafoefficients looked up using i, j and Rhe first is a
constant, m. This is 0.74r the results irthis sectior(F,=3.2G 10°, P(m=0)<0.0005). The next
three termsg, b and ¢) are main effectsjariables whicleachdepend orthe value of a single
factor, in this case, the side chain at one of the side chain attachment poEitefided model
hasone value offor every side chain found at side chain position 1, one value of b for every
side chain found at side chain position 2 aadn. The two way interaction terfatiow. The

fitted model has a twdimensional array for each of these threemgzfrom which a value is
selected when a prediction is made based on the two side chains in question (1 and 2, 1 and 3
and 2 and 3 fofab);, (ack and (bc) respectively in Equatio.7). Finally, (abcj is the three

way interaction. Fitting this model generates a tiiegensional aay of values for this last

term.

The model states that prediction using the coefficients is imperfect; for every ligand binding

energy prediction there israsidual eerern where n is the repeat number.



Before inspection of the fitted model, it is necessary to conideassumptions of ANOVA

because if these are not met, the chance of a false positive result is increased (the probability of
a null hypotheses being rejectedreasesbove the chosen significance levélystly, the

values analysed must be independ8etondlythe residuals left at the endfidfing (the error

values) should be homoscedagstieaning that the variance of these residuals should be the

same for every set of conditions (for every set of side chains in this Thsd)y, the residuals
shouldbe normally distributed

The TI predictions generated earlier in this chapter were not independent due to their method of
calculation whereby components for each side chain were added. In contrast, ABSMM

results are independent (the first amption).

To test for homogeneity of the variances of the residuals (the second ANOVA assumption),

L e v e n €°8?Swas perfotmed in SPSIdr this analysis,)sRANOVA modebk wereused

with all of the fullfactorial interaction terms except for the thweay interaction, the inclusion

of which would have reduced the number of energies in each cell too)raisehof the raw,
untransformed MMP BS A bi nding energies forFwaoedfel | i ng
1.645, which is too great to have occurred due to chance @¢@Hg<0.00%® based ol 727

and 8640 degrees of freedortijerewasnot equality of variance®lottingtheresidualstandard
deviationsfrom each cel(side chain combinatiorggainst the mean predicted binding enery

that cellreveals that the data are heteroscedaltie.variance increases with the free energy of
binding.In aneffortto correct for the apparent trend, a transformation was applied; the square
root of eactof the valuesdiG"°) was testedHowever, this was toextreme a transformation. It

did not just remoe the positive correlation between binding energy and residual variance but
wentfurther, creating a negative correlation. Consequently, exponents hdvBegaking the

square root) and 1 (applying no transformation) were tested and raising the energies to a power

of 0.65 produced the most homoscedastic residuals.

The L ev e waué orthe gamdformed data is 1.370, which is still statisticaghjifgcant

(P(Ho) <0.00(, di=1727, ¢=8640); however, F is small in magnitude. Because tests for
homogeneity of variance are sensitive and the ANOVA test is reasonably robust to homogeneity
of variances when there is a large amount of data, the tisgsdbr homoscedasticitpefore

ANOVA is controversid’®*%, Consequentlythe remaining heterogeneity of the variances

following theaforementionedransformation was ignored.

When an ANOVA is performed, it is assumed that the residuals follow a normal distribution.
The residual®btainedusingthe untransformed data have a pgo& skew (g=0.174). The
distribution is also slightly leptokurtic (pointed),f.619). The positive skew is removed by
the transformation ¢g-0.002, SE=0.024). The kurtosis is not but the degree of kurtosis is
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small (=0.517 after transformation)o shis was ignored-or a discussion of what constitutes a
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The results of the full factorial ANOVAT@ble2.19 below) reveal that there is a statistical
interaction between every side chain (a theag interaction) (F=1.151, P¢h0.0005. Instead

of each side chain contributing independently to the bindivaggy the affinity of each side

chain depends to an extent on the side chains at each of the other position$\exedhe side

Lev

chains in question are at opposite ends of the scaffold. Because the simulations used to generate

the predictions in this section were started from similaepalue to the docking method used,

this result suggests a degree of mechanical coupling between the side chains of an

oligobenzamide as it moves within a particular binding site.

Table 2.19: The results of ftting an ANOVA model to investigate the effects of side chain choice or
the predicted binding energy of O1 scaffold oligobenzamides

Sum of MeanSums
Source of Degrees of N
variation Squargs freedom of Squa(es F Significance
/kF mol”? /kF mol?

1 6.87 10" 11 6246.757 510.664 <0.0005
X2 2.0810° 11 1823.358 149.057 <0.0005
3 2.2” 10 11 2065.213 168.828 <0.0005
1SR 3982.857 121 32.916 2.691 <0.0005
SC1*SC3 1.1310° 121 92.996 7.602 <0.0005
S2*SC3 3234.467 121 26.731 2.185 <0.0005
SC1L*SC2*SC3 1.8710° 1331 14.078 1.151 <0.0005
Error 1.06 10° 8640 12.233 N/A N/A

Predictions were made using the MMBSA method. The simulations were started from poses gener.
by in situside chain substitution followed by local pose optimisation using Autodock. SC1 is the sic
chain at position 1 (the amino end of the compound). SC2 is the side chain at position 2 and SC3
side chain at position 3. For each source of variatienfitst number of degrees of freedom for the F

test to check its significance is shown. The second number of degrees of freedom for these tests \
8640. For a definition of the mean sums of squares2@g p

The significance ofhe threeway interaction (F=1.151, P{0.0005 reveals that the side

chain at one positiooan nofjust influence the affinity of the other two side chains but also the

way in which the other two side chains influence each other. The docking orspdis3

suggest
the binding poseBecause the ANOVA investigation described in this section focussed only on

binding poses in the expected positvith side chains occupying the Phel9, Trp23 and Leu26
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binding sites, its resul®uggest thain addition,side chains affect the binding of each other

within a particular binding sitel'he interaction after binding pose has been accounted for is

eac

invedigated further o190, where more reliable, negative predicted binding energies are used.



Becausehis section describesbalanced ANOVA (equal numbers of results for every
combination of side cha#h the Fvalues for the twavay interactiongF = 2.691, 7.602, 2.185)

and main effects (F = 510.7, 149.1, 168.8) indicate the extent to which the side chains affect the
results after the thremay interaction has been accoenhffor. Specifically, that R0.00( for

every term of thenodelindicates thatat the 0.5% significance levelyery term isiseful for
explaining the result3 he side chains have an effect which is independent of the other side
chainsin addition to the aforementioned interaction effects.

The proportion of theariation in a set of data which is explained by a fitted ANOVA model is
indicated hyits R-squaredandadjusted Rsquared value Both range from 0 (no predictive
ability) to 1 (perfect predictio of the results by the model)2®7). For the ANOVAdescribed
above, SS (p297) is 1.06 10° (kJ mol™)*%>? and the total adjusted sums of sqQUEBS o),
which is independent of the model, is 2.88° (kJ mol™)*®*2, making B equal to 0.585.

To investigate the magnitude of the interactidhsee other models were tested and the
(unadjustedRr-squared values were determined for each using the ngw &%l the

previously calculated S§, above.

f  The model with no thremay interaction (SSor = 1.25(kJ mol)%¢%?):

w G 0 O O Oh  Oh O T )
' The modeafter the first and last sidghain tweway interaction has been removed
(SSeror=1.36 (kJn0|'1)0.65<2):

d a4 O O O OO OO T 29

T The model with no twavay interactions (SS = 1.44(kJ mol™)®®>?)

A a & O @ T 210
As above, Y, is the (transformed) free energy of bindingbpand ¢ are the main effect terms
for the Nterminal, central and-@&rminal side chain attachment positions respectively;,(ab)
(ac) and (bc) are the tweway interaction terms for the side chaksitie chain 2, side chain 1
side chain 3 and side chairsRle chain 3 interactions respectively &fidis the residual error

where n is the repeat number.



Table 2.20: Incorporating different degrees of interaction between the side chain®-squared and
adjusted R-squared values for fourANOVA modelsto predict the relative affinities of O1 scaffold
oligobenzamides

Model Unadjusted Rsquarad Adjusted Rsquared
No interaction 0.438 0.436
No interaction of side chains 1 and 0.467 0.452
No threeway interaction 0.511 0.491
Complete factorial design 0.585 0.501

Unadjusted Rsquared values (se@%7) range from0 to 1 and describe the fraction of the variation in 1
results explained by the model. Adjustegduared values (se@$8) facilitate a fairer comparison of
models with different numbers of factors. A complete factorial ANO\A&igh is a model where the
equation describing it has a term for every possible interaction between the factors. Each increase
adjusted Rsquared value down the table is statistically significant according to the Wald statistic fo
highest ordeimteraction in the more complicated model. (P&®.0005 in every case.)

Table2.20 shows the Rsquared valuefor the modelsThe complete factorial design (the

model with all of the possible interaction terms) accounts for hess@0% of the variation in

the results (R=0.585). This highlights thsignificant error in all of thealculated binding
energiesThis error wouldbe reduced by increasing the simulation tiBmcause the fitted

model has a thre@ay interaction termependent on the choice of all three side chains and
these were the only factors distinguishing one oligobenzamide from another in this controlled
computational investigation, the residual error reflected by ttaguRired is entirely due to

variation betwen repeats due to sampling error.)

A large dropin theunadjusted?® valueis observedn going from the complete factorial model
with all of the interactions to the model with no interacediectsat all. An ANOVA model

will usually fit a set of thaeaults betteif the number of terms is increased because the
additional parameters can absorb some of the random variation in thadjasted R values
(Equation6.24 (p2998) take this effect into account. Thegn provide a better indication of how

well models with different numbers of fitted parameters perform relative to each other.

The adjusted FBquared value@able2.20 abové suggest that the threeay interaction makes
only a small improvement to the fit of the model. Consequently, while the interactions are
statistically significant, thenteractions appedo bequitesmallin magnitude and thus explain

little of the varation in the results.

The simple model with no interactions appears to be quite predietiative to the other
models.The small effect gies of the interactions impthat processing time might be best spent
creating an accurate model of the main effastopposed tsimulatinglarge numbers of
compounds in aeffortto model the interaction termisinearly scaling the unadjusted R
squared values so that thesRuared of the full factorial ANOVA was 1 (as if there were no

sampling error) would bring thenadjusted Fsquared value for the rinteractionterm model



up to 0.75. Consequently, if longer simulations were run or more repeats were performed to
reduce sampling error, it might not be necessary to perform simulations with every member of a
library; up to 75% of the variation in predicted affinity between oligobenzamides with different
side chain combinations could be revealed through study of each side chain attachment position

in isolation.

2.3.5.2.2. The interaction of the side chains is evident in many comp onents that

contribut e to the binding energy

To determine whether a particular comporarthe binding energwas responsible for the
observed interaction$of examplethe change in the electrostatic energy or the surface area
dependentomponent of théree energy ofolvation) ANOVA was performedisingsome of

thesecomponentsas the dependent variable.

Some of the results of this analysis are showraible2.21. Data for these variables were not
transformed portoanalysib ecause the results)revdaled eveneds
significant homoscedasticity, with the exception of those variables asterisked, for whieh the p

value of the complete factorial design should be ignored.

In Table2.21, YO is the MM-PBSA predicted binding energy, which is the sum of two
componentgEquation2.11 and Equatior2.12). The first is the difference in energy of the
complex and the unbound egtor and ligand in the gas phag®as compied 0 Has,receptol

0 Has igana Which canalsobe writtencgoHaw +  gaklwhere  gads the change in potential
energy associated with the van der Waals forceghg. is the change in the electrical
potential energyBecause the dissociated protein and ligand came from the trajectory of the
complex, there is no predicted change in internal en@tyy second is the difference in
solvation energies of the complex and tree receptor and ligangh Gow,complex- P Golv,receptor

P Gowv,igana This is calculated using the Poisson Boltzmann equéto®@g) to account for
changes ithe electrostatic energy and an empirical surfasea based method to account for
the na-polar element othe solvation(op Gaviyy. Consequentlyit can also be writtegp Gg +
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Table 2.21: Statisticsfor the ANOVA modelscreated to investigate interaction of the side chain factors in the determination of various components of the MRBSA-
predicted binding energies

UnadjustedRsquared values for model Adjusted Rsquared values for model

[ S8SySQa p-values for 5 2 5 5 2 5

Dependent complete c o @ 3] c o @ 3]

Variable factorial % T §'§ g § g % T §'§ g E ™ g

F p  design g2 b8 | ED = 25 o b & £ 3g E

o g | ol oY ¢ o SR o222 ol ® o

O8<c | zE£ £ Z5 ® Z O8 s Z < £ Z 5« pd
n haw 1.367 <0.0005 0.038 0.447 0.356 0.296 0.264 0.337 0.330 0.277 0.261
N lgec 1.411 <0.0005 0.044 0.911 0.896 0.893 0.884 0.893 0.892 0.890 0.884
n B 1.391 <0.0005 0.08C 0.915 0.901 0.898 0.889 0.898 0.897 0.895 0.889
N Raviyy 1.369 <0.0005 0.006 0.442 0.346 0.295 0.266 0.330 0.321 0.276 0.264
N lyas.complex 1.063 0.049 0.445 0.544 0.474 0.462 0.439 0.453 0.453 0.447 0.438
N lyas jigand 2.667* <0.0005 <0.00053 0.970 0.965 0.932 0.818 0.964 0.964 0.930 0.817
N Rov.complex 1.032 0.192 0.109 0.770 0.733 0.726 0.714 0.725 0.723 0.719 0.713
N BRwigand 4.024* <0.0005 <0.00053 0.987 0.985 0.963 0.890 0.985 0.984 0.962 0.890
N Ru-pesa 1.367 <0.0005 <0.0005 0.585 0.511 0.467 0.438 0.501 0.491 0.452 0.436

The MM-PBSA predictionsd G-pesa) can be divided into their constituent components in two different ways, by type or by species. In the top four datsepasation is by
type. Hqw is thein vacuochange in van der Waals potential energy associated with binding-apdis thein vacuochange in electrical potential energy Ggis the difference in
solvation free energy between the complex and free protein and ligand due electrostatics. The difference betweenrtensofiesialue to the ngolar component of the
solvationenergy predicted using the solvent accessible surface aE@sy. In the lower four data rows, the MMBSA-predicted free energy of binding is split into componen
relating to the complex and components relating to the free ligafils comple:@Nd M Has igand@re thein vacuoenergies given by the AMBER force field of the complex and free
i gand r e s &npetainyelmiiare th&Sfree energies of solvation of complex and ligand respectively. The values in the top four daia nowviidependent to the
results in the bottom four data rows as shown in Equ&tithand Equatior2.12 (p182). The pvalues for the threwvay interaction in the complete factorial design are shown. F
all eight possible dependent variables indicated, thalpes for the highest order interaction in the three smaller designs lacking some interaction terriesaithat 0.0006,
meaning that the differences are signifi cagftam@antd goiRresilts THé ges phgse birfdingceaenge: solvation e
energiedor the ligand in isolation have a bieange of variances so thedst results are unreliable.




Table2.21 showsR-squared values for models with different numbers of factors. Unadjusted R
squared value$97) range from 0 to 1 and describe the fraction of the variatidhe results
explained by anodel. Adjusted Rsquared values are similar but accdenthe number of

factors in amodel 298 so facilitatethe fairer comparison of mets with different numbers of
factors.

The unadjusted Rquared values fahe full factorial models givan indication of the extent to

which there was sufficient sampling of the phase space to determine accurately each component
of the MM-PBSA predictedbindingenergy. For example, the unadjusteddrared values for

the gasphase enthalpy of the ligang .s,igand @nd thefree energy of solvation of the ligand

(P Gow,igand have very high unadjusteddguared values (0.970 and 0.987 respectivelyaume

the phase space of the ligand is much smaller than that of the complex so is sampled more

comprehensively within the simulation timeed

The significances of thiareeway interactionsn each ANOVA analysis are showntime table
Thep-valuesin the fourth column indicate that thiereeway interactiondiscussecearlierdoes

not stem frona single component of the binding energy; an interaction is observed with many
of its contributingparts.Where theexistence of the thregay interaction is baterline for some
components, therare sgnificant pairwiseinteractiors (not shown) betweeall of the factors

Data ows1to 4 of Table2.21 show the results of ANOVA with the dependent varidtie
variable which the model seeksexplain)changed to each of the different physical factoes
contributeto the binding energy (shown in Equat@al) ( i, @rH &N d .G
Interactiors effects appedo have the greatest impact gnHqw ando Gaiy because, with

these, headjustedR-squared valugdropsignificantly upon removal of thateraction terms.

o Haw ando Gaviy bothdepend on short range interactioimsthe case ofp Hqw, the attractive
dispersion force between two atoms is proportional to theo@ver of their distance apart.

o Gavity is calculated using the changesmivent accessible surface area anddhlg changes

when parts of the protein and ligand touch. Gitrenshort range of these effects, it is
noteworthythat the greatest drop in adjustegduared occurs upon removal of the -way

interaction between the terminal side chains. A possible explanation is that side chains influence
the binding of each othénrough their effect on the position of the scaffold within the binding

site. In order for certain side chains to be accommodated at the ends of the molecule, the
scaffold might need to move and thiscocldd u s e t he nature of other side ¢
with the protein to chang€igure2.12 (p136) illustrates this activity. It shows structures from

one of the 5 ns simations of the N1 scaffold starting molec(ifégure2.1, p102) performedo

verify simulation stabilityConcerted movement oide chain 1 (shown on the righand side

of each imageand the scaffold corie evident upon comparison Bfgure2.12A with Figure

2.12B. It is possible that side chain 1 pushes against the protein and moves the.304tifirhd



roughly 200 ns, side chain 3 adapts to the new scaffold podigaré2.11C (p135), Figure
2.12C). Eventually the scaffold and both side chains return to a confornsatidar to that of
their initial pose Figure2.12D).

Data rows 5 to 8 ofable2.21 show the results of ANOVA with the dependent variaaeto

each of the ligandiependent components shown in Equafidi2, namely the force field

derived energy changes for the gaagghcomplex and free ligangb Qas,compie@2Nd 0dHgas jigand

and thesolvation free energies of the complex and liggederated using the Poisson
Boltzmann equation and solvent accessible surface Qre@&, compiex@ N d soRGFI. AS

shown in the tablehe threeway interaction is not statisatty significant in terms of

P Has.compie@ N d sofifpiex the variables relating to the compl@x=0.445 and P=0.109
respectively) These results implghat the interaction between side chains manifest in the total
ener gy cubmsAngght stgn®om side chain interaction thefree ligands as opposed
to their complexesihile the pvalues for the threezay interactiorsignificancen relation to

the free ligand n e r g igafigaa N P HoRs Must be treated with caution (due to
hetepscedasticity)these results are consistent with this hypoth&sighermore, removal of all
interaction terms from th@ Has compies@ N d soRpiexmodels results in the adjusteesRuared
values dropping by 0.015 and 0.012 respectively whereasatwiothe interaction terms from
the P Hasjigand@ N d soRfaamodels results in the adjusteesRuared values dropping by
considerably more, 0.147 and 0.095 respectively, consistent with side chain interactions
occurring in the free ligand ratherathin the ligangprotein complex. However, these results are
misleading because they reflect the variation caused by interaction effects as a proportion of the
total variation (in the affinity of differerdligobenzamides) as opposed to in absolute terms.
Between different ligandsp Has comple@ N d sof@fpiex @ 'Yy MO I R gadadné n pH

o Gow iganadue to the presence of the proteirsimulations of the complexhich can interact
with the ligand in many ways and assume different conformatisitsdoes saConsequently,

the interaction effects may just be a lower proportion of the total variation in the case of the
complex because there is more variation in tétatthermore, the statistical interactions
apparent in the unbound ligand coments of the binding energy could involve the protein
because the trajectory of the free ligand used for this analysis was extracted from the trajectory

of the complex.

Although it is unlikely that statistical interactions between the side chain factetsebdly in
the unbound ligand, the extent to which the pose of a ligand affects the interaction of the side
chains is worth investigation because it could have an impact on the best approach for affinity
prediction in future. In the next section, theeeffof the pose on the side chain interaction

effects is confirmed.

The movement of the scaffold from side to side illustratdeéignre2.11 and discussed in

relation to thep Hyw andgp Gaviy COmponents above suggests that sidensh@d not just



influence each other through their effect on binding position but also through seaédidted
mechanical coupling within a particular binding site. In the subsequent sedf {pis is

tested for.

2.3.5.2.3. The binding pose has a statistically significant effect on the

interaction between the side chains

The previous sectiodescribed the use of ANOVA to analyse the NMBSA-predicted binding

free energiesf oligobenzamidebased orthe Olscaffold The O1 scaffold stéing compound
(Figure2.1, p102 wasdocked using Autodocto generate an initial pose. Subsequently, for
each side chain combination of interest, the side chains of the posed starting compound were
modifiedin situand then local optimisation was performed to generate a pose with which a
simulation could be initialised. Most of the binding energies calculated from these simulations
were positive, which suggests that oligobenzamides do not actuallynbime poses predicted

by this methodThedockingresultson pagel53 consistent with this hypothesis, suggestimat
oligobenzamides oftefail to bind with a side chain in each of tiewee p53 hotspot binding

sites as assued in the previous section.

In subsequentesults now describedtandardglobal dockingas opposed tjust a local search
wasperformedfor all compounds prior to simulationsith theaim of simulating compounds in

their true binding position.

Three doking runs were performed using Autodock Vimih the exhaustiveness setting

(p11)) set to the default value of 8. To verify that the docking process was sufficiently
exhaustive to obtain the best binding pose®urthdocking run waperformedwith the
exhaustiveness set to 16 to see if this led to higher scoring dockingmptsesesults

(According to the documentation, the time required for docking is roughly proportional to the
value of the exhaustiveness sat)iThe mean top pose scores for the three original docking
runs were7.41,-7.40 and-7.40 and the mean top pose score in the fourth-wa9 kcalmol™.

The higher docking score for the last run with the higher exhaustiveness is statistically
significant. However, this difference is small compared to the range of docking scores obtained
for the top posesConsequentlyan exhaustiveness of 8, the default recommended value for this
setting,appears to bsufficient. Box and whisker plots for the dockisgpres of the top pose for

each compound showing the range of top pose scores are sheigare6.5 (p311).

To generate starting poses for simulationsyéselts ofthe three main docking runs described
abovewere searched to identify compounds in ead@four poses indicated iRigure2.23.
These unsystematic pa@sgere chosen because 2000 compoundocking analysiabove
(p153 revealed thatheywereposes in which oligobenzamides were vesynmorty found.
Missing valuegp296) are problematic in ANOVA analysis. The use of these common poses

minimised the number of combinatorial library members which could not be abiaiaay



one of the poses (resulting in a missing NFBSA prediction) and so increased the reliability

of hypothesis testing. It also means that the results are more applicabile to oligobenzamide
binding in generallf therewas, in a particular repeanore than one pose forcampound

which satisfied one of the conditions (A, B, C or D) then onlypibse with the highest docking
scoe was usedd compound can satisfy the requirements of poses B and D at the same time;
however, data for poses B and Dre/eever analysed simultaneously.

A Car> B Cam> ¢ Car> b oS
-~ -~ -~ =
ORO G & OO QRO
19 23 26 19 23 26 23 26 26

19 19 23

Figure 2.23: Four poses, A, B, C and D referred to in the ANOVA resultsThe scaffold is shown in
red: Mdm2 is shown in blue. The labels 19, 23 and 26 indicatedttleets normally occupied by p53
residues Phel9, Trp23 and Leu26. For f urPbskert
recognitiom st artll ng on p

Simulations were rugtarting from allof the selectegosesFigure2.20 above shows RMSD
valuesfor 50 N1 compounds when simulations are stdirmuh global dockingposes generated
usingAutodock Vina. A similar rapid rate of equilibration was observét wligobenzamides
based orthe O1, S1, O2 and S2 scaffolds (results not shoWig first 250 ps of constant
pressure simulation was removed from all trajectories prithreioanalysis using the MM
PBSA method.

Initially, five ANOVA analyses were perfmed, one for each scaffold. The three factors in each
model were the pose (A, B, C or D) and the side chains at the fitstrfiihal) and second
(middle) side chain positions. The aim was to investigate how the pose factor affected the
interaction betweaethe side chains when using different scaffolds. The sparsity of the results
was too great to carry out an ANOVA with all three side chains as factors in addition to the
pose. A large amount of imputiqp296) would have been reiired, which could have biased

the results.

Table2.22 shows the side chains us&diery combination of side chains was testde

numbers refer to the side chain structugieswnin Figure2.2 (p103).

Table2.23 gives some summary informatiaboutthe data. Preliminary analysis revealed that
while docking of a compound derived from any of the five scaffolds commonly yielded a pose
in position A, fo some scaffolds there were few compounds with a pose satisfying conditions
B, CorD



Table 2.22: Side chains tested at each side chain position when using the side chains at positions
and 2 as factoran ANOVA models

Side chain  Side chains tested at position Number of
position side chains
1 4,11, 13, 15, 19, 21, 22, 24, 25, 27, 29, 33, 37, 39, 44 15
2 1, 3,5, 6,493, 15, 21, 22, 25, 26, 30, 32, 37, 39, 44 19
3 19 (N1 scaffold) / 37 (O1, S1, O2s8affolds) 1

The side chain numbers refer to the side chain structufggune2.2 (p103). 285 (15 x 19) side chain
combinations were tested. In each ANOVA investigation two posesimarstigated so there were 570
cells (possible sets of conditions) in total. The side chains tested were selected manually on the bi
their size and similarity to the Phel9, Trp23 and Leu26 p53 side chains, as descrithéd on p

Table 2.23. Summary statistics for the MM-PBSA datafollowing separation by scaffold type and
impution ready for ANOVA analysis

Number of D + /K d SPSySQ
Scaffold SPods_e Sd lejmbﬁr Results g mol™* [ d
tudied  of Cells Total Imputed | Median Qs-Q, F P
N1 AB 570 1308 74 -33.34 6.57 1.417 <0.0005
01 A,D 570 1255 98 -32.45 7.08 1.291 0.001
02 AC 570 1126 134 -34.06 6.40 1.143 0.057
S1 A,D 570 1205 136 -33.49 6.70 1.307 0.001
S2 AC 570 1349 50 -32.84 6.58 1.172 0.020

The pose letters refer to the arrangements depictedime2.23 (p187). The number of cells is the
number of possible combinations of factor conditions, in this cas&52 19, the number of poses
multiplied by the product of the numbers of side chains at each position. For details of the imputiol
carried Missingwleed tBbhet i on 206 Nanparameairig statias foipthe calculate:
free energies of binding follow the impution statistics, including the interquartile range,(Qinally,
on the far right are the results of Leveneods
statistic. I n the P column is the probabilit
the one shown in the penultimate colub®ing observed if the residuals are homoscedastic.

Table2.23 shows how, to further reduce the sparsity of the results for this first investigation,

only poses which satisfied two of the four pose conditions wetlgsed in the ANOVA for

each scaffold: pose A and another pose condition which was often fulfilled when using the

scaffold in question. The table indicates the number of poses investigated for each scaffold, the

number of values imputed for each analys@parametric statistics for the predictp®

values and the F and p values of Leveneds test fo

TheqpG predictions ar e nega tolumreofTédbeza23)sirhconvast i n t he me
to the results obtained after the local search docking above, which were pdsitile2(17,
pl77). This is consistent with only the global docking finding the correct binding positions.

The negative @G values are | arge in magnitude. The
Q)inTable223r el ati ve to the median @G values suggest s

component absent from each preidict No normal mode analysis was carried out to account



for the decrease in entropy of the ligand and protein upon binding. When the size of this entropy
change is determined for similar ligands, there is typically little variation in the size of the
values obtained&'® so the systematic error in the resuaisild be this unaccounted for entropic

component.

The F val ues (@d2%)rareless than t.® sihe heteregeneity dhe residual

variances is low in magnitude all of the modelseven thoughin most cases (where the p

values are less than 0.0b6the rightmost colonn of Table2.23) the heterogeneity is

significantly differentfromOF or a di scussi on concerning the
results for large samples se298.

Table2.24 givesthe significance of each of each of the sources of variation when fitting the
complete factorial design (Equati@ry, pl77) and the same model lacking the thvessy

interaction (Equatio.8, p180). Thep-value forthe threeway interaction in the former model

is less than 0.05 for every scaffold exciyg Olscaffold, for which it is 0.16. The geometric

mean of the threway significances averaged over evergftold is 0.018. This suggests that
thereis, in generala significant threeway interaction. It confirms that the pose affects the

affinity of the side chains and, furthermore, that it affects the nature of the statistical interaction
between the sidehains. This is consistent witme of the factorbeingthe pose position

becausén different poses different parts of the protein will mediate the interaction of the side
chainsso their interaction could be different

Table 2.24: For five different scaffolds, the significance of the ANOVA sources of variation for
models fitted to investigate the effect of pose,-rminal side chain and middle side chain choice on
the MM -PBSA-predicted free energy ofbinding

Sourceof Statistical significance of source of variation (Results significant where P<
Variation Full factorial modefor each scaffold | Model with nothree-way interaction

N 01 02 S1 S2 N o1 02 S1 S2
P 0.000 0.012 0.000 0.000 0.008| 0.000 0.005 0.000 0.000 0.003
Sel 0.000 0.000 0.000 0.000 0.000| 0.000 0.000 0.000 0.000 0.000
2 0.000 0.000 0.000 0.000 0.000| 0.000 0.000 0.000 0.000 0.000
P*SC1 0.000 0.000 0.000 0.012 0.000| 0.000 0.000 0.000 0.003 0.000
P*32 0.000 0.052 0.008 0.003 0.060| 0.000 0.030 0.008 0.004 0.053
1SR 0.020 0.003 0.081 0.005 0.021|0.690 0.006 0.210 0.010 0.179
P*C1*SC2 | 0.013 0.160 0.020 0.040 0.001| N/A~ N/A N/A NA N/A

The factors of pose, #&rminal side chain and middle side chain are denoted by P, SC1 and SC2
respectively. Where the significance is shown as 0.000, this means that the probability is less thar

Foreach of the N1, O2 and S2 scaffolds, the rmiatking the threavay interaction term has
an inggnificant pvalue for the sidehainl-side chain 2nteraction(N1: 0.69, 020.21, :
0.18. This suggestthat theside chaininteractionis heavily poselependent because it

indicates that if the pesis not considered, the ANOVA analysis detects no systematic pattern



attributable to side chain interaction; the pose information is needed to make sense of the
interaction between the side chains.

In the absence of the thregy interaction, a statistitta significant interaction is still observed
between the pose and each side chain, with the exception of the pose and side chain 2
interaction for the S2 scaffold{mlue0.053 which is almost significant and could be a false

negative result (a type dérror).
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Figure 2.24: R-squared values for ANOVA modelditted to investigate the effects opose, N
terminal side chain and middle side chairchoice on the MM-PBSA-predicted free energy of
binding. As shown, oligobenzamides based on all five scaffolds were investigated. A)-Bauafed
values. B) Adjusted RBquared values.

Figure2.24 abovegives Rsquared and adjusteddguared values for ttall factorial models
models with ndhreeway interaction and modsivith no interaction terms (Equati@ilo,
p180). The drop in the adjusted$uare values upon removal of tijposeside chain 1side



chain 2)threeway interaction term (0.02 to 0.05 depending on the scaffold) is notideable
Figure2.24B. It is larger, for example, than the drop of just 0.01 in the adjusszpl&ed value
seen when removing thiBreeway (side chain dside chain 2side chain 3jerm from the O1
scaffold model where the three side chains were factats€2.20, p181). Thisfurther
supports a rie for theposein determining the nature of tih@eractionbetweernthe side chains

2.3.5.2.4. After changes in binding pose have been accounted for, an interaction

between the side chains still exists

In the analysis described above, the first side chain cheicend side chain choice and pose
weretreatedas fixed factors. The ANOVA analysis revealed that the pose affected how the side
chains interacted. This section describes the results of the data beiagapljthis timdoy

pose and treatment of the dodd as a factor.

Separate ANOVAanalyses were performed for each pose with three fativerscaffold and
the side chain choice at each of the two attachment posifimas the analysis waserformed
using the first, Nerminal side chain and the middide chain. Thethe analysisvas repeated
using the middle side chain atte last, @erminal side chairilrable2.22 (p188 shows the side
chains used in thiwrmercase(with attachment positions 1 and 2) arable2.25belowshows

the side chains used in thecondcase(with attachment positions 2 and 3).

Table 2.25: Side chans tested at each side chain position when using the side chains at positions .
and 3 as factoran ANOVA models

Side chain position Side chains tested at position Number of side

chains
1 11 1
2 1, 3,5, 6,493, 15, 21, 22, 25, 26, 30, 32, 37, 39, 4 19
3 11, 14, 15, 1719, 2123, 30, 32, 388, 40 15

The numbers refer to the side chain structurésgaore2.2 (p103). The side chains tested were selecte
manually on the basis tfieir size and similarity to the Phel9, Trp23 and Leu26 p53 side chains as
described on 104

Table2.26 shows summary statisidor the results and includiriige degree of impution
requiredand the results of testing for residbhaimoscedasticityNotice that a significant degree

of impution was required, which increases the chance of a type Il error (observing no interaction

where there isone inreality). TRe val ues f or low asirdableZ28 sot est ar e

conclusions can reliably be drawn from the results.



Table 2.26: Summary statistics for the MM-PBSA datafollowing separationby poseand impution
ready for ANOVA analysis

0 Number of nD I f A s A ra
vE Y Scaffolds Number Results /kJmol* [ SE8SysS¢
B8 © o Considered of Cells
noaoa Total Imputed| Q@ Q-Q,| F P

~ A N1,01,02,51,S. 1425 2874 335 -32.90 7.01 | 0.928 0.928
T B N1,01,02,S2 1140 | 2126 324 -32.74 6.74 | 1.123 0.030
“j C 02,52 570 1417 30 -33.88 6.89 | 1.340 <0.0005
D 01,51 570 1133 136 -32.56 5.95 | 1.141 0.059
o A N1,01,02,51,S. 1425 3234 180 -3450 7.07 | 1.118 0.013
o B N1,01,S1 855 1908 144 -34.73 6.46 | 1.295 <0.0005
c‘g C 02,52 570 1622 6 -35.81 6.33 | 1.306 <0.0005
D 01,51 570 1387 68 -33.01 5.99 | 1.229 0.004

The number of cells is the number of combinations of conditions. 1425, 1140 aacke57e result of
multiplying 285, the product of 15 and 19 (the numbers of side chains used at each side chain pos
the number of scaffolds investigated in each cag&® Qs the interquartile range; 50% of the values lie
within this distance ogéach other. Noiparametric statistics (the median and interquartile range) are
appropriate because the energies are not not
of the residuals after fitting. F is the test statistic and P ipribleability of an equal or greater test
statistic being produced due to chance if the residuals are actually homoscedastic (the null hypoth

Table 2.27: The statistical significance of sources of vari&on in eight ANOVA models fitted to
investigate the influence of scaffold and side chain choice on affinity

Side Pose Full factorial ~ Significance of thewo-way interactions for the mode

. model with no three-way interaction
chains three-way
changed A Sc*SA S*SB SA*SB
significance

1and 2 A 0.082 <0.0005 <0.0005 0.018
B 0.034 <0.0005 <0.0005 0.528
C 0.064 0.028 0.581 0.007
D 0.026 0.009 0.228 0.180

2and 3 A 0.084 <0.0005 0.001 0.505
B 0.087 <0.0005 0.009 0.019
C 0.515 0.002 0.009 0.019
D 0.241 <0.0005 0.072 0.001

The models are vary in terms of the pair of adjacent side chains used as factors (1 and 2 or 2 and
the pose that the oligobenzamides are in (A, B, C or D). The factors Sc, SA and SB are the scaffo
first sidechain of the pair and the second side chain of the pair respectively. The significance of thi
way interaction for the full factorial ANOVA is shown and then the significance of thevayo
interactions in the model with no threeay component. Typdlisums of squares were used throughou
so the tweway significances refer to their respective tway interaction after the other tweay
interactions have been accounted for. (The significance of an interaction is the probability of the ol
resultsoccurring by chance if the interaction does not exist.)

For each posd,able2.27 shows the significances of thereeway interaction in the full
factorial model and of thisvo-way interactions in the model lacking tHeeeway term. When
only compounds with similar pos@re compared, anteraction between the side chains is still



observed. Irevery case except orgitherthethreeway interaction or the twavay sidechain

interaction in the model with nbreeway interaction § significant at the 5% significance level

2.3.5.2.5. The choice of scaffold could affect not just the effect of each side chain

on affinity but also the interaction between the side chains

The oligobenzamide scaffolds have different degrees of flexidtigure2.9 (p133) showed

RMSD values for two different ligands, the N1 and O1 scaffold starting mole&udpse?2.1,

pl02). After equilibration, the RMSDs ofth t wo | i gands 6 atoms rel at|
are different, over 2 A for the N1 scaffold and under 2 A in the case of the latter. The N1

scaffold could be more flexible than the O1 scaffold because it lacks intramolecular hydrogen

bonds.

Interconvesion of the O1 and S1 scaffolds by TL8&) revealed that the side chain attachment
atom in these scaffolds has an impact on affinity, an effect which could reflect differences in
flexibility between these scaffolds as well, @ivthe increased strength of hydrogen bonds
involving oxygen relative to those involving sulphur and the increased directionality of the latter
relative to the former. A steric effect unique to the S2 scaffold (the large size of the sulphur
atom and its dse proximity to the hydrogen atom with which it interacts) is thought to increase

its flexibility*"®

The differences in flexibility between the scaffolds could result in differing degrees of
mechanical coupling between the side chains. The restiabie2.27 abovesupport this
hypothesis because they indicate that, at the 5% significance lev@itdraction of side chains
depend on the choice of scaffol@pecifically, he geometric mean of the thremy interaction
significancesvhen side chains 1 and&e modified (0.082, 0.034, 0.064 a&m@26) is 0.046,

which is less than 0.0Forthe modification oide chais 2 and 3 (0.084, 0.087, 0.515 and
0.241) the geometric mean is 0.1Which is not significantThis latter result codldiffer

because the poses A, C and D are defined using the positions of side chains 1 and 2 so poses
within the A, C and D groups may have a variety of conformations around side chain 3,
reducing tle overall fit of the model, including the effect of tlra®old. Consistent with this,

the adjusted Bquared values for the models involving modification of side chains 2 and 3 are

generally lower than those involving modification of side chains 1 aRth@re2.25).

There is typically a 10%lifferencebetweerthe adjusted Bquared valuesf the full factorial
models (the models with the scaffadie chairside chairthreeway interactiopand the
correspondingnodek lackingno interactiorterms Eigure2.25) and much othe drop in R
squared is realised when the thregy term is removed. Therefore, the effect of the scaffold on
the interaction between the side chains could be of some magnitude and the effect of the

scaffold on the communicatioof the side chains should be investigated further.



Azzaritoet al>!

discusshow different scaffolds camdapt tcarrange side chains the same
positions and thus have very similar affinitieee™dm2 binding site ialsoflexible and has
been shown to adapt to bind different peptides with similar afftiferesultsherein are not
consistent with these ideas. Instead, they suggest a prominent ithle $oaffoldn not just
determining the affinity of each side chain bigo in affectindiow those sidehains

communicate

The docking results discussed above (questiod®))pndicatethat the scaffold can often bind
directly to the proteinAlthough te significance valuasf the main effectin the ANOVA here

are biased duetthe impution, they areonsistent with thisonclusionin that they shova large
scaffoldmain effect(p<0.05)in all cases excefor modification ofside chains 2 andi pose

D where the p value is 0.86.the scaffold itself interacts with the Mdm2 protein and shifts the
positon of the side chains so as to optimise its own binding, this could explain its influence on
the side chain effects.
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Figure 2.25: Adjusted R-squared values for theeight ANOVA models referred to by Table 2.26 and
Table 2.27. A) Using the Nterminal side chain and the middle side chain as factors. B) Using the m
and Gterminal side chains as factors.




2.4. Conclusions and Further Work

The initial aim of this project was to demonstrate that the relative binding affioities
oligobenzamides can be predicted computationally. The prediction of accurate binding affinities
requires that binding poses be generated for possible ligands, that molecular dynamics
simulations be run from the docked poses and the trajectories tHgseaa estimate the free

energy of binding for each compound.

One of the challenges of simulating oligobenzamides is correctly calculating the energy
associated with the torsion angles of the backbidiogification (using Tl) ofthe barrier

heights for he bonds about which rotation is restricted in the O aliwk8d scaffolds hatittle

effect on their binding energy so any effects side chains have on the scaffold torsion energies in
these scaffolds is unlikely to prevent the accurate ranking of oligalb@des. Because in the

N1 scaffold the nitrogen atoms holding each side chain are within the backbone, the torsion
parameters could vary depending on the choice of side chains, making this scaffold more

challenging.

In an attempt to predict the affinifef 31 compounds based on the N1 scaffold, two

approaches were tried, namely, using Tl and using implicit solvent methods. In the themer

effect of snall changes to the side chaineaich of the three side chain positions was evaluated

andit was assmedthat side chains made independent contributions to the binding energy. The

correlation between the predicted free energies of binding and the experimentally determined
affinity ranking of the compounds wWwae found to be
absolute value of which ranges from 0 for no correlation to 1 for a perfect correlation, was

found to be just 0.4. In contrast, when the implicit solvent-BSA and MMGBSA methods

were used to make predictions, a much greater correlation withireepéal results was

observed. While the exact correlation depended on
roughly 0.55 were typical, provided that the trajectory of the free protein was extracted from the

trajectory of the complex and, when usthg MM-PBSA method, the relative internal

dielectric was not increased from its default value of 1. The greater correlation obtained with the

implicit solvent methods could reflect the fact that it wasecessary to assume compounds all

bound in the samgose; all of the compounds could be docked and simulated.

To investigate further the assumption that all oligobenzamides bind to Mdm2 in the
paradigmatic pose of the O1 scaffold starting molecule (where the side chains occupy the
binding sites of p53 redues Phel9, Trp23 and Leu26) regardless of their side chain structure,
25,000 compoundsere docked using Autodock Vina. Oligobenzamides were predicted to bind

in many different poses, indicating that this prerequisite for TI may be violated.



To investigae the extent to which the side chains of an oligobenzamide influence the binding of
each other, both through their effect on binding pose and within a particular binding pose, the
MM -PBSA method was used to predict the affinities of a large combinatbraaiyi of
oligobenzamides in different poses and the affinities were studied using ANOVA.

Whenthechoice ofside chain at each positiovas treateds afactor, a statistical interaction
between the side chanvas evident; dwever, inclusion ointeractbn termsn the modelslid
not significantly increase tireadjusted Nagelkerke’Ralues, indicating that the interactions

are small in magnitude.

Because the ANOVA results show a statistical interaction between binding pose and the choice
of side chainsgrouping compounds based on their likely binding position (from docking)

would be appropriate when predicting the effect different side chains have at each side chain
position. However, due to the small magnitude of the interactions between side dtetins, a
accounting for the effect of side chain choice on the binding position, it might not be
appropriate to test large combinatotiataries in each binding site.

The models used do not explain a significant amount of variation in the results. Thistsugg

that making predictions using longer simulations might be useful, something which would only
be practical if independent contributions from each side chain were assumed, reducing the
number of compounds that require testMithin each possible oliggenzamide binding

position, each side chain position could be investigated separately to determine the contribution
different functional groups at that position are likely to make to the binding afflrotpredict

the relative binding affinyt for a newmolecule, the compounauld be docked to ideify

where it was likely to bind and this would indicatkich set of side chain contribution

predictions tasumto get the total predicted binding energy of the compound.

To predict the side chain propertideely to increase affinity at a particular binding site, it is
useful to generate oligobenzamide poses within that site. Local optimisation of a docked
oligobenzamide following subsequentsitu modification of its side chains using Autodock led
to MM-PBSA values which were positive. This suggests that the optimised poses were not

realistic.

FlexX is a docking program designed to place ligands in a pose close to a conformation
previously generateby high throughput screeningy.fragment library was docked using FlexX

and the docking scores were analysed to identify the desirable properties of side chains when an
oligobenzamide binds in the expected, idealised conformation occupying the Ph@Baridp

Leu26 binding sites. A smaller side chain is favourable at the first side chain attachment site, a
larger side chain is favoured at the second position and aliphatic side chains as opposed to
aromatic ones are favourable at the last side chaingroshhese findings are consistent with

the properties of the p53 side chains mimicked in this binding ptaseever, the results also



suggested that more hydrophilic side chains would bind more strongly, a finding which is not
consistent with earlier wotk>*and could be explained by the lack of terms to account for
ligand and protein desolvation in the FlexX scoring funétiti* These findings highlight the

need to run simulations and use more accurate methods of affinity prediction than scoring.

Sampling of all the possible torsion angles of oligobenzamides may require tens of nanoseconds
worth of simulation tim&2 Fulleret al.demonstrates how Hamiltonian replica exchange can be
used to increase the efiricy of sampling>. Simulations (replicas) are startedzatious

lambda valusand the lambda values atenswapped between the simulati@atsntervals

(equivalent tahe exchange afoordinates anthomentebetween simulations running at

different lambda values). This reduces the chance of each simulation becoming stuck in an
energy minimum and ceasing to explore the phase paReplicaexchange could be used in

future work to reduce sampling error.

While the Tl results presented in this chapter did not correlate strongly with experimental
results thiscouldreflect the wayn which Tl was agplied; Tl might be a useful method for
comparing ligands which docking suggests have very similar binding poses. One of the
problems with Tl is the requirement to perform many simulations in order to determine the
effect of the reaction coordinata) onthe potential energy of the system. In this respect, a
method known aambda dynamicé&? could be a useful alternative. In this methiaghbda is a
variable which can change frgeluring the simulation so its effect on the potential can be
ascertained in a single simulation. While a lambda dynamics simulation might have to be long,
it would not necessary to simulate multiple systems to equilibration as when using the Tl
method. Miltiple lambda variablesan be used. This couddlow multiplefunctional groupgo

be testedht a particulaside chairposition in a single simulatioor even simultaneous

modification at multiple side chain attachment positions

In order for methodsuch as Tl and lambda dynamics to be effective, the poses of ligands must
be determined accurately.N&nh docking waperformedn this projectthe flexibility of the

protein was neglectedh future work, flexible docking could be performed in whichehtre
proteinor just the protein side chainan move™ or, alternativelycompounds could be docked
into an ensemble of structures generated bylacutar dynamics simulation. Flexibility can

lead to poorer docking because informatiothi@in initialcrystal structure is l0¥f. However,

the Mdm2 binding site is flexible so conformational change might be essential to facilitate
accurate determination of binding poses. (Sgerel.3 on p32.) After fully flexible docking it
might be difficult to define where the p53 binding pocketsfarghe purpose of pose
interpretationIf an ensemble of structures were produced by molecular dynamics simulations,
thep53 peptide could be simulated in the binding site. This would not only Hie pocket

positions to be tracked but also force them to stay.open



Synthetic work on oligobenzamides has focussed on compounds itke?*° and G

linked" side chains as opposed to ones where attachment is through sMiptiification of

side chain attachment atoms using Tl suggested that the sulphur atoms in oligobenzamides
based on the S1 scaffold contribute more to binding energy than tespgmrding oxygen

atoms in theD1 structure. Consequently, some sulplinked oligobenzamides might bind

more strongly than their equivalent oxyglérked molecules and the sulphur linked scaffolds
should be investigated further.

It is necessary to demdratea high correlatiotetween predicted and experimental results to
showthe practical use of implicit solvent methoutsthe prediction of the oligobenzamide
affinities. While the computational methodsed in this chapterould be developed furthére
experimental resultssed for their evaluation must be accurate too for a high correlation to be
obtained The experimental results used in this chapter were generated using a fluorescence
polarisationcompetitionassayln this assay, an inhibitor kdimg to Mdm2 displaces a
fluorescentlylabelled p53 peptide. The release decreases the anisotropy of the label
fluorescence and this is detected. Unfortunatélycollaborating chemistry grotnadfound
evidence of compounds bindingrectly to the fuorescently labelled peptitfe Furthermore,

some variation in the ranking used in this chapi@sobserved whethe assay was regied

An orthogonal assay walsusneeded to assist with validation of the computatifindings.

The next chapter details the development of a FB&Sed assay whiadouldbe used instead of

or in addition to the fluorescence polarisatassay in future

The importance of correct binding pose prediction on the accuracy of predicted affinities
warrants validatiomf the oligobenzamide dockingoses generated by Autodock Vifdis is
challenging becauséédre is no crystal structure afi oligobenzamidedund to Mdm2Chapter
4 describes the production BN-labelled Mdm2 L33End its use inNMR studiesto

investigatehe binding of small molecules to Mdm2



3. Novel FRET Assays for Monitoring Inhibition of the p53 -

Mdm2 Interaction

3.1. Summary

This chapter describes the development of FHREJed assays determine the relative affinity

of potential inhibitors for the p53 binding site of MdnTheseassaysll use GFHabelled

Mdm2 but the FRET acceptor fluorophore differs. Initial trials using Yellow fluorescent protein
(YFP) were of limited success @to the significant overlap of the GFP and YFP emission

spectra. Subsequent trials using eosin were much more successful and it was possible to develop
both a cuvettdased assay and a plate reduksed assay. Each of these assays was validated

with someinhibitors. The development of a plate reader assay is significant because it indicates

the potential for robotic, higthroughput screening.

Despite the success of tliisvitro assay, it could not be developed ifovivowork because
p53-labelled eosirtannot be expressed within a cell. Consequently, a second protein FRET
acceptor was trialled, mCherry. Two pB&herry proteins were made, one using a\yijte
peptide and the other using a mutated peptide known to bind more stittarykhe wild

type’’®. The FRET assay results reflected this difference of affinity. This observatiopled

with the fact that inhibitorsown to bind to the p53 binding pocket of Mdm2 displace the p53
eosin and p53nCherry proteingn their respective assaysjggests thatespite théabelling,

the p53 peptide in each casdl binds in the expected pasih, validating the use of the ER

assays for inhibitor testing.

In the context of FRET analysis, oligobenzamides exhibit some inconvenient features; they do
not bind strongly to Mdm2, they are coloured, they bind to some aromatic small molecule
fluorophores and they have a low solukiliThe assays described in this chapter use various
methods to overcome these significant problems. Firstly, the eosin and mCherry assays are
performed with 10% dimethylsulphoxide (DMSO) to increase the solubiligylofsolubility



compoundsuch asn digobenzamideSecondly, when testing inhibitors, the drop in GFP

Mdm2 fluorescence, rather than the fluorescence of the acceptor or the ratio of GFP to acceptor
fluorescence, is used to monitor FRE® any change in acceptor fluorophore emission due to
oligobenzamide binding has no effect on the measurements. Finally, the high absorbance and
low solubility of oligobenzamide compounds makes testing high inhibitor concentrations
impossible, something which would normally make it impractical to find theigfiof weakly

binding compoundsThus,in the eosin assay here described, -®osin control is used to

eliminate mathematically the compound absorbance and make the endpoint of the titration
(equal fluorescence of the mix and the control) known. Therlatakes it possible to fit a

titration curve to the assay results and determine thgf@n inhibitor without having to add

inhibitor until the level of FRET reaches a plateau.
Key research outcomes described in this chapter:

1 Development of FREDasedassays for testing oligobenzamides and other inhibitors
with low solubility, low affinity and significant absorbance.

| Adaption of assays using p&®sin for microwell plates in preparation for high
throughput screening.

1 Testing of two p53nCherry proteins which could in future be used innavivoassay.



3.2. Introduction

The previous chapter describes the computational prediction of binding affinities, specifically,
prediction of the affinities of a diverse library of oligobenzamides for Mdm2. The compounds
investigated included 31 oligobenzamides based on {ivekid scéfold which had been
synthesised and for which fluorescence anisotropy (FA) sppajlet assay data were available,
allowingin silico andin vitro results to be compared. There was a moderately strong correlation
between Molecular Mechani¢isson Boltzrann Surface Area (MMPBSA) predictions and

FA laboratory results. The differences betwewasured and predicted binding affinities could
indicate that the computationatdedictionsare not very accurateut will also reflect error in the

laboratory measements.

In the FA assay used to generate this laboratory data, a compound is titrated into a solution of
unlabelled Mdm2 and fluorescelabelled p53. The p58uorescein is excited with polarised

light and the polarisation of the light emitted by fluresceinis monitored®. When an

inhibitor of the p53aMdm2 interaction is added, the p88orescein which was bound to the

Mdmz2 is released. Free in solution, the peptide can rotate faster resulting in a decrease in the
anisotropy of its fluorescence. This is a useful assay due to its high signal to noise ratio and the
small amount of peptide required; however, thesoine evidene that compounds bind to the
fluorescein labéf. If they do, the overall anisotropy is not directly indicative of the proportion

of peptide which is bound, making any calculatgdngccurate. Consequently, there is a need

for a method that directly measures the binding of Mdm2 to p53 peptide rather than the mobility
of the p53 peptide. The results of such a method might cortedttsr within silico predictions.



3.3. Methods

3.3.1. FLUORESCENCE MEASUREMENTS

3.3.1.1 Equipment
All measurements were carried out in Dulbecco A phosphate buffered saline (PBS) (Oxoid)
(160 mM NaCl, 3 mM KCI, 8 mM N#IPO,, 1 mM KH,PQ,) with 10% DMSO.

Fluorescence was rasured using either a quartz cuvette in arbBBRFLPC (Shimadzu)
spectrofluorimeter kept, unless otherwise stated, at 10°C using a refrigerated water bath or using
microwell plates, at 30°C using a POLARstar Optima (BMG Labtech) patker.

The avettevolume was alwaybetween 500 and 700 pl of solution. The path lengths through
the cuvette solution were 10 mm and 4 mm in the case of the excitation and emitted light
respectively.

In the plate reader, black 96 well plates (Falcon) were used with a Wethe@f 100 pl.
Curves were fitted to results using the nls @ingaar least squares) fuitm of the

programming language®’*.

3.3.1.2 Materials

FRET experiments were performed using GFEhasionor fluorophore and three different
acceptor fluorophores: eosin and two proteins, YFP and mCherry. The concentration of the
fluorescently labelled peptide and each protein was determined from their absorbance. The
extinction coefficient was assumaalbe unaffected by the labelled specigssérbances were
measured at 25°C using a Cary 300 Bio spectropheter (Varian).

L33E GFRMdm2;7.1,6 Was produced fully purified by Geoffrey Plante (University of Leeds) at
a concentration of 225 uM in pH 7.3fler comprising 25 mM Tris, 150 mM NacCl, 5%
glycerol, 1 mM EDTA and 1 mM DTT. Aliguots were stored&Q°C. It was made prior to the
start of the FRET work and the amount was sufficient to covef ik latwratorywork

undertaken.

p53YFP was supplieth pH 7.9 buffercomprising20 mM Tris, 500 mM NaCl and 500 mM
imidazole by Geoffrey Plante (University of Leeds). The protein was saticpbtedat-80°C.
An attempt was made to purify the pBBP by gelfiltration and remove the imidazole;
however, thejield of gel filtration to remove the imidazole was prohibitively low
Consequentlythe results shown in this thesis were produced with the imidapol@ining

stock.The imidazole was significantly diluted in the experimemiggrmed.



An oligopeptidecomprising residues 13 to 33 of p53 (Sigma Aldrich) sgspliedlabelled
with eosinat a concentration of 600 or 800 HIMDMSO by George Preston (University of
Leeds). It was stored e80°C.

Two p53mCherry proteins, theild-typeand a mutantyvere expessed and purified 240).

Oligobenzamides PR2-75 and PPY2-75 were supplied bianchami Prabhakarddniversity
of Leeds) dissolved in DMSO at a concentration of 10 mM. They were stoi2@f &t

The known inhibitors Nutlir8*’ (racemic mixture) and R5E%3 were obtained as freeze dried
solids from Sigma Aldrich. They were dissolved in DMSO upon arrival and stored at 5°C.

The peptide comprising residues 13 to 33 of p53 can be considered to be an inhibitor of the p53
Mdm2 interaction. It was obtained unlaleel from Sigma Aldrich.

Unlabelled Mdm2 was used in a fluorescence anisotropy experiment. It was supplied by Alice
Bartlett (University of Leedsh pH 7.3 buffer comprising 25 mM Tris, 150 mM NacCl, 5%
glycerol, 1 mM EDTA and 1 mM DTT.

3.3.1.3.FRET measurements

This chapter describes the development of FlRESed assays in which the affinity of potential
inhibitors for the p53 binding site of Mdm2 is assessed based on their ability to displace a
labelled p53 peptide from GHRbelled Mdm2. Three different FRET apters were tested. In
each case, experiments were performed to validate the assay. Firstly, the effect of-acceptor
labelled p53 on the spectrum of GFRIM2 was determined in the presence and absence of the
known p53Mdmz2 interaction inhibitor Nutlif8. Seondly, the labelled p53 was titrated into
GFP-Mdm?2 to determine the dissociationgfkof the interaction. The &can be compared to

that of the unlabelled proteins and is necessary for the conversion of inhiliteal@®s into K
values as described below. Thirdly, compounds were titrated into a mixture eé¥I&RR2 and

the labelled p53 to see if the relative affinities of known inhibitors were consistent with
previously published work and, where possible, whether oligobenzangdesaged a titration

curve.

Experiments were performed in a spectrofluorimeter cuvette, with the exception of titrations
involving the addition of compound to a mixture of GFEmM2 and p53:0sin; these were
carried out both into a cuvette and across aawiell plate, the latter in preparation for future

high-throughput screening.



3.3.1.3.1. Titration of labelled p53 into GFP -Mdm2

3.3.1.3.1.1. With p53-YFP as the FRET acceptor

To determine the dissociaticonstant a 500 ¢ Imadeoggt ompohsiwag 5
Md m2 a n dp53YBP it MBS with 10% DMSO. The GFP fluorescence was measured at
505 nm, exciting at 470 nm. The sample was then sedalifedwith a solutionacking the
p53YFP componenbut otherwise identical and the fluorescence measurement was repeated

after eah dilution.

There is some excitation of YFP in 470 nm light and some emission by YFP at 505 nm. To
determine how much direct excitation and fluorescence of th&/ B ontributedo the
measured fluorescence, the experiment was repeated without tHé GF2 component. (A
solution ofL 0 & MYFP Wwaldiluted with buffer) The results of this control experiment
were subtracted from the fluorescences of the iB&R-Mdm2-containing experiment to obtain

the GFP fluorescence.

Serial dilutionentailed theemoval of solution fromthe cuvette anthen its subsequent
replacementvith diluent. The addition of cold solution was used to keep the cuvette cold. This
dilution method allowed the starting main run and the controlf&3-only run solutions to be

set up vith identicalp53 YFP concentrations, reducing the error when the direct YFP
fluorescence was subtractéll.the high p53YFP concentration fluorescersdead been

measured at the end of a long titration involving many small additions, this error coald hav

been largg.After each additiorthe solution was mixed by pipetting.

Equation3.1 was fitted to the fluorescences (after subtractiomefdirect p53vFP
fluorescencéy® It was assumed that the GFRIM2 fluorescence was propontial to the
Mdm2-p53 concentration.

& & ! -Aic¢c Puvo + 3.1

-Al ¢ Puvo + 1- Al cPuvo
Where F is the fluorescence, if the fluorescence in the absence of-p&®, K;is the
dissociation constant, [Mdm2] and [p53] are the concentrations ofNGHR2 and p53YFP
respectively and A is another constant, specifically the change in fluorescence when 1 mol of
Mdm2 binds to 1 mol of p53 in a volume of 1 litre. For each dissioci constant to be found,
the mean logarithm of thejKalues from different repeats was determined and confidence
limits on the K, value were calculated using the standard error of the Joglkies””.
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3.3.1.3.1.2.  With p53-ecsin as the FRET acceptor

500¢ bf asolutionof GFPMd m2 at a concentration of 1 &M in PBS
placed in a cuvette and p&8sin was titrated in shahat the p5&o0sin concentration in the

cuvette increased exponentially with successivétiadd. The solutionaded cont ained 1 ¢ M
GFRPMdm2 and, like the analytéad 10% DMSO to ensure that only the concentration of p53

eosin (and the total volume) changed with each addition. To cdasgeaconcentratiorange,

two p53eosin solutonsweresed, a 0. 23 &M sol dheiGBmM and a 30 &M
fluorescence at 505 nm was read during the titration, exciting at 450 nm. Excitation was also

carried out at 450 nm when taking emission spectra. To mix the solution after each addition, a

magnetic stibar was moved up and down in the cuvette using magnets held outside the cuvette.

The mean logarithm of thegand the standard error of this value wae¢ermined. Theseere

used to calculate thegiand its confidence limits.

3.3.1.3.1.3.  With p53-mCherry as the FREacceptor

The Ky was determined for each p&herry protein byay of its titrationn nt o 1-e¢ M GFP

Mdm2 in PBS with 10% DMSO. Equati@l was fitted to the results of each titration to

determinea value for thg53-mCherrydissociation constant. p§8Cherry was added from

solutions of two different concentrations, as with the titration ofgés3n into GFRVidm2, in

order to cover a wide concentration range. The volume of each addition was progressively

increased such thdté concentration of ps@1Cherry in the cuvette increased exponentially by

a factor of 2.4 until a |imit (5 €M) was reached.
manner so thahanyobservations were made at the high concentration end ofréteotit

curve. This greatly increased the accuracy with which the dissociation consavel(ies

could be calculated because thehids a big impact on the gradient of the titration curve as it

begins to plateau.
3.3.1.3.2. Titration of compounds into mixtures of G FP-Mdm2 and labelled p53

3.3.1.3.2.1.  With p53-YFP as the FRET acceptor

The known p53Mdm2 interaction inhibitor Nutlirf3*® was tested to see if the FRESsay

enabledtsKit o be determined corred2!| gM-MImMBaod2ut i on of 5
e M pY&EBinPBSwith 10% DMSO was titrated into a solution lacking the Nu8ibut

otherwise identicalA similar titrant butwi t h 3 5 0 -3svdd thdraddeld io mcrease the

concentration furthelf he i ni ti al volume in the cuvette was 50
and the ratio of YFP (530 nm) to GFP (495 nm) fluorescence was monitiréagy was

carried outusing a very small magnetic stir barhichwasmoved vertically through the

solution. To determine the igvalue (the inhibitor concentration at which there was 50%

inhibition), the ratios from each repeat were fitted to equai®nwhich may be derived from

the Hill equatioA’® by setting theHill coefficientto 1. The mearof thelog ICs, values was



calculated together with its standard error. Thg \@lue and 95% confidence limits were
found from these.
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Where R is the ratio, s the ratio in the absence of inhibitor, A is the range of the fluorescence

VY 3.3

change and [l] is the concentration of inhibitor.

3.3.1.3.2.2.  With p53-eosin as the FRET acceptor

Titrations were carried out into a cuvette in the spectrofluorimeter or, alternativelys acro
microwell plate, where the fluorescence was measured using a plate reader. In the
spectrofluorimeter, excitation was at 450 nm and emission was measured at 495 nm. In the pate
reader, a 450 nm filter was used for excitation and emission was detsictigc 492 nm filter.

The emission wavelengths, which are significantly lower than the maximum emission
wavelength of GFP, were choseratmidthe detection of p580sin which emits very little

light of wavelengths shorter than 495 nm. The filters usebe plate reader had a bandwidth of

5to 7 nm.

Potential inhibitorsver e t i tr at eMdd m2 taon d -esheilGBEPEItB 10%
DMSO. In the cuvette assay, tivdtial volumeof the analytava s 3 Dh6 intgbitorsolution
(titrant) was addedo as to increase the concentration of inhibitor in the cubstte factor of
1.5 with every additionTo enable a large range of concentrations to be covered, inhibitor
solutions of two different concentrations, x and 38x were used consecutively iritiedicmt
Depending on the inhibitor in use x equallel or 2.7 pM These titrant solutions also
containedl. & M -M&dFnP2 , 2 -eesM arp 3086 DMSO to ensure that only the
concentration oinhibitor changedThe increasing volume of solution in the ette was
factored in when calculating the size of each addition. Mixingpeaf®rmed using miniature
magnetic stir bar as described abdwach main titration was followed by a second control
titration, identical in every way except that the &in vas replaced with buffer in both the
titrant and the analyte.

Whentheassaywas performedising microwell plates, 16 exponentially increasing inhibitor

concentrations from 0.11 to 230 uM wersed for both the main and control titrations.

The main and condl titrations were repeated at least 3 tintas. each repeat, the ratio of the
GFP fluorescence with p&3sin to that of the control was found at emttibitor

concentration. A curve based on EquaBighwas fitted to these ratios to determine ag, IC
value for each repeat. Calculation of the mean lggJ@lue and its standard error enabled the

ICso valueand its95% confidence limits toédbdetermined for each inhibitor.
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Where R is theatio of the GFP fluorescenceke nep53-eosin GFP fluorescence divided by
thewith-p53-eosin GFP fluorescencR, is the ratio when there is no inhibitdaut with results
from the cuvette experimenthe value oR, was assumed to be equathe ratio for the lowest
concentration point used. In the plate reaBgmwas found to be 0.442 + 0.014 for the majority
of runs. Where this was not the case (for exampjeyd® 0.55), a run was considered

anomalous and was repeated.

In Equation3.4, n is the Hill coefficient. It wasormallyfixed at 1 but the plate reader results
obtained with the oligobenzamide PRY75 could not be fitted using a Hill coefficient af 1
They were consistentith a Hill coefficient of 2 so fitting was carried out with n fixed at 2

instead. Thiglecison is discusseturtherin the results section or2p5

At high inhibitor concentrations there should theoretically be no FRET in either the main or
control titrations. Their fluorescences should thus be identicking®., the ratioof these two
fluorescencesat a very high inhibitor concentratipequal tol. Consequently this valuyg)

was used when fitting Equati@ to the ratios determined ithe plate readeContrastingly, in
the spectrofluorimeter experiment, a maximeatio of 0.946 + 0.015 was observed with Nutlin
3 and all of the results were fitted using this result. It is possible that the DMSO denatured
some GFRMdm2 and p53:osin in the long p58osircontaining experiment in the

spectrofluorimeter, causing some aggregation which no amount of inhibitor could dissociate.

Theefficacyof PPlinhibitorswasquantified bydetermination otheir dissociation constant

(Kj). Where possible, thejkvas evaluated in preference to tlig, value(the concentration at
whichthe PPIdisrups 50% of the complexgdecause its not dependent on the concentrations
of the proteins

In the absence of inhibitor:
-Al¢ - -Al ¢ DPuvo +
35

Pvo -Alc¢ + T- Al ¢+
Where K is the p53Vidm2 dissociation constant. [p53nd [Mdm2} are the total

concentrations of p53 and Mdm2 respectively and [Mdns2lihat the concentration of free

Mdm2 would be if there were no inhibitor present.

[p5&llg, [ pSAllg -nuo -Alc =-[p3301pj3] 3.6
Where[p53.Mdm2}, is the free p531dm2 concentratiomwhen there is no inhibitor and

[p53.Mdm2},,is the same concentration but at the point of 50% inhibition.

According to NikolovskeColeskaet al?’®,
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Where

Kdl p58ilg, s
[ P33]

[p53]s0 and [I]so are the concentratioms free labellep53 and inhibitor respectivebtthe

point 0f 50% inhibition

[ Lg! € [- Alle+ p5 &llgs

3.3.1.3.2.3.  With p53-mCherry as the FRET acceptor

Inhibitors of the p53Md m2 i nt er acti on we-Md m2i & n ditdédes Mnt o
p53mCherry in PBS with 10% DMSO up to a conce
nm and GFP fluorescence was measured at 505 nm.4463mCherry control wassed;

Equation3.4 was fittedas before to find each §gvalue, except that in this caBeepresented

the raw GFP fluorescence. The minimum fluorescence, maximum fluorescence and Hill

coefficient were allowed to vary when fitting each curve.

3.3.1.4 Additional experiments to investigate the GFFEMdm2 and p53-eosin assay

3.3.1.4.1. Titration of unlabelled Mdm2 into p53 -eosin

A high Ky was measured for the binding of GMRIM2 to p53Cherry. To investigate whether

this was partly due to the presence of the GFP label, a titration was carried out without the GFP
label to see if the Kwas lower. Unlabelled Mdm®&astitrated into 50 nM p53eosinin a

FluoroLog (Horiba) spectrofluorimetefhe titrant and analyte containg&@% DMSO. The

eosin was excited with polarised light at 525 nm and its emission at 543 nm was measured using
a second polarising filter. Both filters could beigiosed horizontall(H) or vertically(V) and

the anisotropy at each point was calculated using the fluores@@nuiatained with each of all

four possible filter orientation$dH, HV, VH and VV.
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3.3.1.4.2. Titration of an oligobenzamide into p53 -eosin in the absence of GFP
Mdm2

Previously published fluorescence anisotropy results suggest that oligobenzamides bind to p53
fluorescei®. Eosin is a similar compound to fluorescein so oligobenzamides might also bind to
p53-eosin, an interaction which would complicate the analysisFé*-Kdm?2 and p53:0sin

competition assays.



In a control experimenthe oligobenzamide PR-75 was titrated into a solution of 1.6 uM
p53-eosin in PBS with 10% DMSO across a microwell platavestigatevhetherPPY-2-75
hasany effect orp53-eosinfluorescencen the absence of GFR92 nm and 590 nm filters
were used for excitation and emission respectivelgildtion factor of1.5 was used to create
28 exponentiallyncreasingconcentrations from 0.8M to 50 uM. The plate was read at 30°C.

3.3.1.4.3. Single point assays measuring FRET and fluorescence anisotropy

To perform single point assays, Cewhp2eand2ds wer e ad
e M pebst in a cuvette in tHduoroLog (Horiba)spectrofluorimeter and the FRET and

fluorescence anisotropy of the pB8sin were measured in quick successidr fluorescence

anisotropy of the eosin can be measured in the presence é¥I@fmR if it is excited at 535 nm

because this wavelength eothigh to excite the GFRIdm2. A circular dichroism cuvette was

used to minimise the solution volume and therefore the amount of labelled peptide used.

3.3.2. PRODUCTION OF P53-MCHERRY

3.3.2.1.Site directed mutagenesis: Production of doubly Hisaggedwild -type and singly

His-tagged mutant p53mCherry constructs

A pET-28b-TEV plasmid encoding a 279 residiwsion protein comprising a pSike peptide
(Figure3.1) and the fluorescent proteimCherrywasproduced by Jillian Augustine (University
of Leeds) The encoded protein had olistidine tags at both the N and C termiltie mutant
peptideused had previously been shown to have increafimity for Mdm2°"° with a K of 5.6
nM in 10%DMSO, considerably lower than theild-type p53transactivation domaipeptide
Kqo f 0 ?"olt skeaids the key residues Phel9, Trp23 a6 with the wiletype peptide.
The crystal structure of the mutant with Mdm2 (PDB structure 3§a8iggests that the L22Y
mutation is at least partly responsible for the increased affinity; Tyr22 fills a hydrophobic space
which is solveriaccessible when theild-typebinds (with Leu22y”. The mutant peptide also
binds to Mdm4 more strongly than théld-type peptide. In this casthe hydrophobic part of
the Thr27side chainis thought tacontribute to the affinity through its interaction with Mdm4
residueMet53. In the wild type peptidghe polar backbone carbonyl group of Pre&kes its

place close to Met53.

| designed primers for sitelirected mutagenesis tansform the construct above into, firstly,
one with only one His tag-{gure3.2) and, secondly, one encoding thiédd-type p53 peptide
(still with two His tags) Figure3.3). The sitedirected mutagenesis wasrformedoy Jillian

Augustine who then supplied the resulting constructs.



MGIHHHHHHHISSGH SQLTFEHYWAQLBKGEEDNMAIIKEFMRFKVHMEGSVN
EFEIEGEGEGRPYEGTQTAKLKVTKGGPLPFAWDILSPQFMYGSKAYVKHPADIPDYLKI
FKWERVMNFEDGGVVTVTODSSLODGEFIYKVKLRGTNFPED&RTMGWEASSERMYP
ALKGEIKQRLKLKDGGHYDAEVKTTYKAKKPVOQLPGAYNVNIKLDITSHNEDYTIVEQYEH
HSTGGMDELYKEHHHHHH

Blue¢ Oligohistidine tag Green- p53-ike sequence
- TEV protease cut site Red- p53mCherry

Figure 3.1: The amino acid sequence of the double Hilagged mutant p53mCherry protein
(encoded by DNA initially produced by Jillian Augustine). Residues are coloured as shown in the |

Before sitedirected
mutagenesis
(Nostop codon)

GACGAGCTGTACAAG CTCGAGCACCACCACCACCAOGXC
DELYK LEHHHHHHX

After site-directed mutagenesi:. GACGAGCTGTACARG'CTCGAGCACCACCBACCACCAGA
Stop codon present DELYKX

One of the two sitadirected
mutagenesiprimers

o

5 & gacgagctgtacaag taa ctcgagcaccacca 1 3

Figure 3.2: Diagram to show how a new stop codon was introduced into the p58Cherry

construct. The capitalise@®NA sequences show the end of the mCherry coding sequence in the
construct. Underneath each is the encoded amino acid sequence. Two primers are used for mutay
each the reverse complement of the other.

Mutant construct CAGCTGACCTTTGAACATTATTGGGCGCAGCTGACC M/GCA|
(unmodified) QLTFEHYWAQLT SS

Correspondingpart of CAGAMCCTTRAGCATCTAGRAACTGCTECGGAMACAGC
wild-type mdm2DNA QETFSD LWKLLPENS
Corresponding part of CAGSAGACCTTTCAGATTTATGARAGC GCTECCGAMACAGC
forwardprmer QETFSDLWKLLPENS

Forward primer 5'- gcggccatgaaaacctgtacttccagggatcc caggagaccttttcagat

(100 bp t tatggaagctgctgcccgaaaacagce aagggcgaggaggataacatggc -3

Figure 3.3: Diagram to show how the mutant p53 peptide was mutated to th&ild -type peptide in a
single sitedirected mutagenesiexperiment Two primers are used for mutagenesis, each the rever
complement of thetber. The top sequence shows the part of the mutant construct which was muta
The two DNA sequences below show the corresponding part in théywiandm2gene and in the
forward primer. The entire sequence of the forward primer is shown at the bdtteere sequences
differ from that of the mutant construct, this is indicated in red.




3.3.2.2.Production of the singly Histaggedwild -type p53mCherry construct

To produce avild-type construct with only one Hitag, the two constructs (thdld-typewith

two Histags and the mutant with one Hag) were cut withPst andClal (New England
Biolabs) and théargerfragmentfrom thewild-type construct digestwith the N-terminal endbf
p53-Cherry containing thevild-type p53 peptide) was ligated intbe smallerfragmentfrom

the mutantconstruct digestith the C-terminalend of p53Cherry with no Higag) (Figure

3.12). Clal was chosen because it cuts within kiaa gene of the vector so kanamycin could be
used to select for transformants containing both parts of the desired plasmid correctly

orientated.

100ng pi*of plasmid DNA was incubated with bd®stlandClal in the supplied NEBuffer 4

with bovine serumalbmi n ( BSA) at 37AC as directed by the man
incubation, solutions were run on a 1% agarose gel mikdend run in trisborate EDTA

(TBE) buffer (20 mM Trisacetate, 0.5 mM EDTA). A constant voltage of 60 V was applied.

RedSafe (iNtR®N Biotechnology) was added to the gel to stain bands, which were cut out on a

Safelmager blue light transiluminator (Invitrogen). The desired pieces of DNA were purified

from their excised gel bands using the QIAquick gel extraction kit (QIAGEN) aseatirbgtthe

manufacturer. DNA was eluted in the supplied TE buffer (10 mM pH 8QAlrsuffer with 1

mM EDTA).

Ligation wasperformedover 1 hour at 37°C using T4 DNA ligase (Invitrogen) with the

supplied buffer. DNA concentrations were measured using aliapd.000

Spectrophotometer (Thermo Scientific) and a ratio of 3 large DNA fragments to every small

fragment was used in the |igation. DH5U cell s wer

below.

3323Transformation of DH5U (cloning competent) cel

100 pl of DH6 WEscherichia colcellsf huA2 | ac(del ) U169 phoA glnVv44 08
gyrA96 recAl relAl endAl i hsdR1Yin transformation buffer (10 mM PIPES, 15 mM

CaCl, 250 mM KCI, 55 mM Mnd (pH 6.4))wasthawed on ice9 ul of purified DNA in TE

buffer (10 mM pH 8 TrisClI buffer with 1 mM EDTA) was addedhe ells were left for 30

minutes on ice, incubated at 42°C for precisely 30 seconds (heat shock) and then retbmed to

ice for 5 minutes.

Standard practice is to incubate cells in 1 ml of 2xYT bfot#5 minutes at 37°C and then
plate 40 ul or 400 ul of media on plates with antibiotic; howeatemptgo transform with the
singleHis-taggedwild-type p53-mCherry construcand therplaterepeatedly yielded no

colonies suggesting inefficient ligatiomr transformation. Colonies were produced successfully
by transfer ofthe transformed cells into 1 L of 2xYT media in a 2 L baffled flask (incubated at

37°C with shaking). After 45 minutes, kanamycin was added to the flask and it was left



overnight at 37C to give any correctly transformed cell a chance to mult#ly.million times
serial dilution of the saturated solutiasnich resultedvasspread on kanamycicontaining

platesthe next daywhich werethenincubated at 37°@ obtain individual color@s

3.3.2.4 Identification of transformants with the correct construct

Colony PCR suggested that all of the colonies obtained had the desired construct and this was

confirmed for some colonies by sequencing.

For colony PCR, cells from each selected colony were¢rd er r ed t o 30 ¢l of
The water was boiled for 10 minutd$en 3 ¢ lusegtacs compl et e a 30 ¢l
mixture. Taq polymerase (New England Biolabs) was used with ThermoPol buffer (New
England Biolabsandcustom primers for the N and C termini of the protein:

5 8 AAAGGATCCCAGGAAACCTTTAGCGATCTGTGGASBAETG (N)

5 8 AAACTCGAGTTACTTGTACAGCTCGTBCE ©

The proteircoding region was cut in the middle during the splicing process so PCR between the
ends of the proteiwas sufficient to confirnthat both halves of the open reading frame were

present in a construct.

Details of the PCR program used for cold9R are shown ifiable3.1.

Table 3.1: The program used for colony PCR

Stage Temperature /°C Time /s

Initial denaturation 96 120

CyclesZ0) Denaturation 94 30
Annealing 40 30
Extension 72 90

Final extension 72 240




3.3.2.5.Expression and purification of p53mCherry

Both of the p53Cherry constructs were purified in the same manner.

Novagen Rosetta 2 (Merck Biosciences) cells were transfonitedhe p53mCherry construct

as directed by the manufacturer. After inoculation, 6 litres of 2xYT broth {“1Bygitone soya
broth (Oxoid), 10 gt yeast extract (Oxoid) and 2.5'gdodium chloride) was incubated at 37°C
until the optical density at 600 nm was 0.8. 1 mM IPTG was then added to induce expression

and the cellsvereincubated at 18°C overnight.

After 15 hours, the cells wer e O0@edancktheerd usi ng 15
suspended in 20 mM Tris buffer (pH 7.9) with 0.5 M sodium chloride and 20 mM imidazole.

DNasewas added. Suspensions were sonicated (5 s 20 times using a Soniprep 150 (MSE) with

mixing halfway through) and then centrifuged at 158@pfor 30 minutes. The supernatants

were filtered using a MillexGP 0.2 um filter (Millipore) Next, metal affinity chromatography

was carried out. Aml HisTrap HP Ni* column (GE Healthcare) was equilibrated with the

resuspension buffer and then loaded \eiileh lysate. After washing (with 100 ml of the

resuspension buffer), fractions (30 ml) were eluted using the same buffer but with progressively

increasing concentrations of imidazole (30 mM, 150 mM, 300 mM, 500 mM and 1M).

The 300 mM imidazole fractionsere concentrated using a Centricon MBI (10 kDa

molecular weight cubff) filter (Amicon) to 5 ml, passed through a Milk&® 0.2 um filter and
then loaded on to a Superdex 75 Sephadex gel filtration column (GE Healthcare) which was
equilibrated and therun with a pH 7.3 buffer comprising 25 mM Tris, 150 mM NacCl, 5%
glycerol, 1 mM EDTA and 1 mM DTTA single gel filtration column was used to process both
proteins, the mutant first and then thigd-type.

SDSPAGE gelswere run with samples from mChergloured fractions as dicated in the
results section. The stacking gel (pH 6.8) comprised 125 mM Tris buffer, 0.1% SDS, 0.1%
APS, 50 mM 5% v/v acrylamide, 0.25% v/v TEMED. The resolving gel (pH 8.8) comprised
375 mM Tris buffer, 0.1% SDS, 0.1% APS, 15% &trylamide, 0.2% TEMED.

Protein from all peaks was stored&®9°C. Selected samples were concentrated using a
Centricon filter (10k MWCO) to concentrations of up to 194 pM (mutant) and 385nill-
type). The concentrations were determined using théen@ absorbance, which was assumed

to be unaffected by the preceding p53 peptide.



3.4. Results and Analysis

3.4.1. INITIAL TESTING OF G FP-MDM2

GFPMdm2 was expressed and purified by Jeff Plante (University of Leeds). He reported that
the fluorescence of the GRWdmM2 appeared to decrease as a solution containing the protein
was repeatedly pipetted. It is important for the fluorescence of the GFP to be constant for
accurate FRET measurements to be made so this claim was investigated further.

A drop in fluorescence was observed upon mixing by pipeffiadgnvestigate the effect of

more agitation of the solutiomixing was then performeghagnetically usinga small magnetic
follower placed at the bottom of ttg&eml cuvette.The shutter was lebpen and the GFP
fluorescence of a stirred solution and an unstirredrobwere monitored over timé&igure

3.4). As shown, the switch to magnetic mixing did not solve the problem of decreasing GFP
fluorescence, suggestitigat this mixing method was also too vigorol&irthermoreit was

deemed that regular use of the large amount of protein required for the 3 ml cuvette would be
uneconomical so the cuvette size was reduced and this prevented conventional use of the stir
bar. Theefore, b mix the solution in subsequent work, the magnetic follower was agitated
vertically using two magnets (large stir bars) moved up and down manually either side of the
cuvette.This appeared to solve thaixing problembecause the GFP fluorescenceanger

dropped upon mixing

0.0380 - x Mixer off

X Mixer on

0.0365 -

0.0360 -

Fsos nm/Arbitrary Units

0.0355 +

0.0350 -

0.0345 . . .

0 50 100 150
Time /min

Figure 3.4: The effect of mixing on the fluorescence of a 0.58M GFP-Mdm2 solution. Red) With
magnetic mixing. Blue) Without mixing.




3.4.2. EXPERIMENTS WITH P53 -YFP

3.4.2.1.Titration of p53-YFP into GFP-Mdm2 solution

The GFP emission was reduced when-g&P was titrated into GFRIdm2 solution

suggesting that FRET to the YFP was occurrkigyre3.5). The dissociation constant {kwas
found to be 1.3 4.1 uM, which is consistent withthe;6 f 0. 9 e M f etwldd by
for the bindinggo Mdm2of an unlabellegheptidewith a sequence corresponding to that of the
p53 transactivation domaimhe size of the 95% confidence limits on the calculatgtbffects

the difficulty of measuringa K4 accuratelywhen using GFP and YFP. The emission spectra of
these fluorophies overlap considerably so FRET has little effect on the combined spectrum.
This is one of the reasons WP is rarely used with YFP; BFP (Blue Fluorescent Protein)

with GFP and CFP (Cyan Fluorescent Protein) witl? e more popular combinatiofs

3.4.2.2 Addition of Nutlin -3 to a solution containing p53YFP and GFP-Mdm?2

Addition of the known p531dm2 interaction inhibitor NutlirB (Figure3.6A) to the p53YFP

and GFPMdm2 solution caused the GFP fluorescence to be almost fully restored to its initial
value.Nutlin-3 did not cause the expectdelcreasén fluorescence at the YFEmission peak
however, the fluorescence at this wavelength includes emission from both fluoro@ioess.
that the GFP emission increased, the ¥rafssion must have decreased, st with
disruption of the p531dm2 interaction by the inhibitor.

Titration of Nutlin-3 into asolution of GFRMdm2 andp53-YFP yieldedresults to which a
curvebased on the Hill equatiomas fittedwith the Hill coefficient fixed at 1Kigure3.6B).
This gave a 50% inhibition midpoint (4§ at 1.23 £ 0.16 pM.

Czarna
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Figure 3.5: Graphs to show the consequence of titrating53Y FP i nt o -Mdm2.M) How P
changes inthe concentration of p58FP affect the fluorescence spectrurhe GFP fluorescence fabs
the concentration of p58FP increases. Bjlow addition of p53YFP affects the fluorescence at 505 ni
The highest concentr at i on absoharcewbuldiba significént at highel
concentrations. Excitation was at 460 nm.
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Figure 3.6: Titration of Nutlin -3 into a GFP-Mdm2 and p53 YFP solution. A) The spectra of three
solutionsMdrm2 . M2 G@FdBIMGFPNnd -ZFBEM DP5-BVMBFP2 -Y&EM
and 50 &3vB)Ne tatioiofrihe fluorescence at 530 nm to the fluorescence at 495 nm of a
solution conty&iPniamg 2VdaMhs MBHEHIES was titraed in.




3.4.3. EXPERIMENTS WITH P53 -EOSIN

It might be possible to develop anvivoassay involving c&xpression othe GFR-Mdm2 and
p53YFP hybrid proteins in a cell. Howevdrecause these proteins have a low affinity for each
other, large amounts of eaptotein would need to be expressed to achieve a significant
concentration of the complex. Furthermore,¢hasiderable overlap of the GFP and YFP

emission spectraould mean thaFRET had little effect on the emission spectrum.

A possible strategy to deaith the overlap of FRET donor and acceptor emission spectra
would beto record the fluorescence at multiple wavelengths and use mathematics to separate
the fluorescencef donor and accept%?i‘. However,in the case of the oligobenzamides, the

colour of thecompounds themselves would make this approach challenging to implement.

3.4.3.1 Titration of p53-eosin into GFRMdm2 solution

Eosin was the third FRET acceptor totested It was chosen for two reasons. Firstly, there is a
significant distance between the pealts emission spectrurB42 nmj®?and that of the GFP
spectrum (509nmyoisolation of the GFP emission from a mixture&sier. Secondly, beirgg
small moleculeas opposed ta large proteineosin is less likely to hindéinding of the
labelledpeptde to GFPMdm2. George Preston (University of Leeds) supplied p53 with an
eosin label on the @rminal cysteineRigure3.7).

Ac-SQETFSDLWKLLPENNVC-NH,

Figure 3.7: p53-eosin

The addition of p5&o0sinto GFRMdm2 causes reduction in the GFP fluorescen&églre
3.9A). Then addindNutlin-3 to a concentration of 50 Mreverses thdrop in GFP fluorescence,
to the extent that thatensity of the GFP emission peiakalmost restoretb its original level
(Figure3.9A). The remaining discrepancy could éeplainedby an inner filter effect:
absorptiorof the GFRPemitted light by the eosin



Titration of p53eosin into GFAVIdm2 (Figure3.9B) yielded a dissociation constant of 0.68 +
0.16 uM. Thisis closetothego f 0. 89 & M me atsld tfoe tthe bmding Gz a r
pP53i533 (residues 15 to 33 of human p53) to Mdm2iburtot consistent with thsignificantly
lower K4 of 74 nM determined by Campbell al?® for the binding of p53.s,-fluorescein to
Mdma2.1t thereforesuggests that steric hindrance by the GFP label might interfere with the
binding of p53eosinto the Mdm?2.
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Figure 3.8: Inhibitors used to test theFRET assaysA) Nutlin-3*°. The active isomer (Nutli8a) is
shown. The racemic mixture was used in experiments. B}yRP¥. C) PP¥2-95. D)R5CZ">.

Adding oligobenzamide PR2-75 (Figure3.8) to a GFPMdm2 and eosip53 solution reduces
the eosinp53 fluoresence and causes some recovery of the-RBmM2 fluorescenceHigure
3.9C), consistent with the compound being an inhibitor of thegeE3rGFR-Mdm2 interaction
andthe FRET reducing upon its addition.
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Figure 3.9: Graphs to illustrate the effect of alding GFP-Mdm2 to p53-eosin 450 nm light was used
to excite the GFP. A) Emission spectra faM GFP-Md m2 al on e, i n t heospr ¢
and with b-ebbi 2 aNdpg32B)dhdeffdal af p5@osin addition on the GFP
fluorescence (at 505 nm). C) Emission spectra to show the effect of oligobenzamide addition on a
solution of1 eM GFP-Mdm2 and &M p53-eosin. The final oligobenzamide concentrations are show
the key.




3.4.3.2.Fluorescence anisotropy with p53&0sin

To provide further validation dhe G-P-Mdm2 and p52o0sin systengingle point assays were
performed. Severdnowninhibitorswere addedo aGFRMdm2 and p530sin mix and bth

the FRET (as indicated by the GFP fluorescence) and theqfB anisotropy were measured.
The fluorescence anisotropy of the easam be determined the presence of GFRAdm?2
provided it isexcited at avavelengthwhichis too high to excite the GHAdm2. 535nmwas
used in this cas@he FRET and fluorescence anispiroesults showed the expected
correlation (results not shown) supporting the hypothesis that the change in FRET is due to

separation of the GFRIdm2 and p52%osin.

Although the single point assay results suggest that the amount of FRET is a measure of the
amount of GFAMMdm2-p53-eosin complex, if the bulky GFP label hinders compound binding
this could affect the relative affinés of compounds and thus make the assayitable for

ranking compoundm terms oftheir affinity for unlabelled Mdm2.
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Figure 3.10: Titration of unlabelled Mdmz2 into 250 uM p53-eo0sin

To testwhether the high Kobtained with GFRMdm2 and p53s0sin was due to the GFP label,
unlabelled Mdm2 was titrated into 250 UM p&8sin and the fluorescence anisotropy of the
eosin was monitored={gure3.10). This yielded a much lowd¢, of 38 £ 16 nM for the p53
31-e0sin peptide binding to Mdmz .6 L33E, a value which is consistent with thgd€ 50 + 10



nM observed by Laét al?®

using Oregon greelabelled p53;.5 and close to the kof 74 + 4
nM observed by Campbadt al’® using p53ss:-fluorescein. This result suggested talhough

the GFPdoes not prevent binding of pe®sin to GFRMdm2, it does weaken the interaction.

In the complex, the part of p&®sin closest to the GFP should be the eosin label.
Consequently, rather than restricting access to the p53 binding site, the GFBreight
interactionsvhich unlabelledvildm2 canmake with theeosin. If true, this would probably not

affect the ranking of different oligobenzamides.

3.4.3.3 Titration of compounds into a p53eosin and GFPMdm2 solution

To investigatewhether theGFRP-Mdm2 and p53o0sin FRETassay coulde used to detmine
successfullythe affinity ofsomeknown inhibitors of the interactiothey were eactitrated into
a mixture of p53o0sin and GFRIdm?2.

The concentration at which an inhibitor causes 50% of the maximal possible inhibition of a
biologicalsystem iknown as the I6; value. A lower 1G, value indicates stronger binding of
the inhibitor toits target protein.

ICso values were determined for NutiBhand unlabelle@53 peptide by carrying oufor each,

two titrations. Firstly, the inhibitor was addexia solution of GFRMdm2 and eosip53, in

which FRET can occur (the main titration). Secondly, the inhibitor was titrated into a solution
with an identical concentration of GRRdmM2 but no eosip53 and, consequently, no FRET.
Excitation was at 450 nm amrginission was measured at 495 nm so that no direct eosin
fluorescence (eosin fluorescence not due to FRET) was detected; only GFP fluorescence was
observedThe ratio offluorescencevith eosinp53 to that without was calculated and then
plotted against imibitor concentration. The resulting curve should, in theglateauat a ratio

of 1 because at high inhibitor concentrations there is no FRET in either salntiptherefore,

the GFP fluoresce should be the same in bolin practicejn the cuvettetitration, the results
were not consistent with complete convergence of the main and control fluoresatenigbs
inhibitor concentratiorfFigure3.11A). This could be attributablto irreversible aggregation of
someGFP-Mdm2 and p53z0sin over the course of the experiment which no amount of

inhibitor could disrupt.

The IGyfor Nutlin-3was2.41. 2 ¢M when the compounMdMdm&Zas ti
and 2 -eobiniptbe3pectrofluorimetdrhis corresponds ta Ki of 470 £ 330 nM. The

published Kfor Nutlin-3 is 36 nM for the active Nulti3 enantiomef® so a K of twice this,72

nM, would be expected fadheracemic Nutlin3 mixture testedThe observed affinity dilutlin-

3for the p53 binding site of Mdm2 was egittly much lower than expected. Possible

explanations include the presence of the GFP label or partial denaturation of the Mdm2 by the
DMSO present.



The 1G, for unlabelledp53 peptide was found to be 13 + 11 uM, which corresponds tamé K

31+29uMIl n this case, the peptideds | ow binding aff]
achieve the high inhibitor concentrations essential for the accurate determinatioiCgf the

value Only the first part of the titration curve could be obtairemtounting for the large error

in the IC50 value.

To decrease the amosmif unlabelled p53 peptidequiredto achieve high concentratigrihe
FRET assay was adapted for a microwell phaith each titration corresponding tioe use of
set of wells ofncreasing inhibitor concentration across the pRezause the assay volume is
smaller higher concentrationsan be achieved using less peptide.

Nutlin-3, the oligobenzamide PPX75 and another inhibitor, R5C3 (molecule drigure
3.8)%"% were tested successfullging this plate assdfigure3.11B). However, peliminary
resultswith unlabelled p53®eptide (not showrguggested that the peptidas affecting the
meniscus shape and that the size of the effect was differdmd inain and control titrations.

In contrasto theoutcome of the cuvette assays, in thegtaader satp, the results were

consistent with convergence of the main and control GFP fluorescences at high inhibitor
concentrations. The initial fluorescence ratio was also higher than observed in the
spectrofluorimeter, as shown kigure3.11. Possible explanations for baththese

observations ardirstly, that the shorter duration of the plate reader experiment allowed less

time for denaturdon and norspecific aggregation andecondlythat the shorter light path

through thesolution reduced #eosin internal filter effecPlates were read at 30°C, a

significantly higher temperature than that used for cuvette measurements (10°C). This probably
had an effect on the concentration of f8m2 before inhibitor was added so could also have
contributed to the high fluorescenceioait the start of the experiment.

The plate reader asshgsnotable advantages, namely the smaller amount of compound
required to achieve high concentrations and the greater amenability of the plates to high
throughput testing.
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into asolutionofl ¢ M -KBdmR and2¢ M pens8n GFP fluorescence was measured at 492 n|
A) Spectrofluorimeter results. B) Plate reader results. Dotted lines show the maximum and minim
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For Nutlin-3,the IGobwas found to be 3.9 &M HKobtdinedfrora M, whi ch

the cuvette assayror R5C3 anlCsov al ue of 25 N , d highevlvalwesttan o bs er ved
obtained with Nutlin3. This is consistent with theslative K values of these two compounds,

72 nM for Nutlin-3 and a higher valud00 nMfor R5C3". The oligobenzamide PRX-75

appeared to binth GFRMdm2 even more weakly than R5C3, which is consistgiit

previously published fluorescence anisotropy resutiich suggest that its;s micromolar.

3.4.4. PRODUCTION OF PS3MCHERRY

Although eosin is a better FRET acceptor than YFP because its emission peak is further away
from the emission peak of GFP, it is harder to synthesise and purdggsir3than it is to

express and purify pS8FP. Furthermore, it would be diffidt to introduce p5&osin into a

cell to carry out ain vivoassay. Consequentlgn effort wagnade tgproduceanothedabelled
peptide with a protein fluorophore, p&8Cherry. mCherry has an emission peak at 618hm
much higher than that of GRB09nni®). The excitation maximum of mCherryas 587 nri™”.

Preliminary work was performed by Jill Augustine (University of Leeds).psbeuceda
construct coding for p5&1Cherry based on the pET28bTE\tt@, where theencoded53
peptide was of a mutated version which had previously fmesrd to have a much higher
affinity than thewild-type?”®. In the eventthemutantp53mCherry DNAsuppliedwas flanked
by not one, but two histidinewg-encoding regions, one at either end. -8itected mutagenesis
primersdesigned bynefor this project(seemethods section) allowed Jill ustine to supply
two further constructswild-type-p53-mCherrywith two histidine tagand mutanp53mCherry
with one histidine tag.

To produce a wildype-p53mCherry construct with one histidine tag, both of the new
constructsverecut with Pstl, whichcutsin the mCherry open readifigame, andClal, which
cutsin the middle of thé&anantibiotic resistance geriigure3.12). Thep53mCherry front
end of thewild-type constructwas ligatedo the nehistidinetag Gterminal endrom the
mutantvector and DHB cells were transformed with the reaction mixtireosetransformed

with correctly religated vectomereselected using media containing the antibiotic kanamycin.
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Figure 3.12 Diagram to illustrate the production of a wild-type-p53-mCherry construct with one
oligo-histidine tag from the double Histaggedwild-type construct and one from thesingle His
tagged mutant construct Note that in the final construct, thet€minalttag is not actually absent but i
preceded by a STOP codon.

Figure3.13 belowshows agarose gels made during production of thetwjle construct with

only one Histag. Part A shows the gel used for purification following cutting of the two starting

constructs. PaB shows the colony PCR results aftetigation. All of the colonies tested had

the correct construct, as predicted given that the Pstl cut site is in the selectable marker.

Both wild-type p53mCherry and mutant p5®&Cherry Figure3.14) were expressed, purified
and then tested in the spectrofluorimelére results of prification by metal affinity
chromatography are shownhigure3.15. The red mCherry label made it easy to identify

which elution fractions attained labelled protein.
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Figure 3.13. Agarose geldrom the production of the singleHis-tag wild-type p53mCherry -
encoding construct A) The results of cleavage of théld-type double Higagged construct (left) and
the mutant construct with a STOP codon at the end (right). The apparent fragment sizes are consi
with the predicted sizes of 4.28 kb and at 1.77 kb. The bands were cut out after taking this image |

Reallts for colony PCR of the p5&herry open reading frame in the course of checking for correctly
ligated constructs.

A
MGIHHHHHHHISSGH SQLTFEHYWAQLBKGEEDNMAIIKEFMRFKVHMEGS)

GHEFEIEGEGEGRPYEGTQTAKLKVTKGGPLPFAWDILSPQFMYGSKAYVKHPADIPL
FPEGFKWERVMNFEDGGVVTVTQDSSLQDGEFIYKVKLRGTNFPSDGPVMQKKTMG
MYPEDGALKGEIKQRLKLKDGGHYDAEVKTTYKAKKPVQLPGAYNVNIKLDITSHNED
QYERAEGRHSTGGMDELYK

B
MGIHHHHHHHISSGH SQETFSDLWKLLPESKGEEDNMAIIKEFMRFKVHMEG

NGHEFEIEGEGEGRPYEGTQTAKLKVTKGGPLPFAWDILSPQFMYGSKAYVKHPADIF
SFPEGFKWERVMNFEDGGVVTVTQDSSLQDGEFIYKVKLRGTNFPSDGPVMQKKTM
RMYPEDGALKGEIKQRLKLKDGGHYDAEVKTTYKAKKPVQLPGAYNVNIKLDITSHNEI
EQYERAEGRHSTGGMDELYK

Blue¢ Oligohistidinetags Greeng p53 orp53-like sequence
- TEV protease cut site Red- mCherry

Figure 3.14: The final sequencs of the expressednutant (A) and wild -type (B) p53-mCherry
proteins
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Figure 3.15: Metal ion affinity chromatography for separation of His-tagged p53mCherry from
the remainder of the cell lysate A) Wild type. B) Mutant.

The 300 mMimidazole samples were further purified by-§iittation (Figure3.16). Two peaks
were apparent in the results for each protein, the first implying the preseaggrefated
proteinandthe second, the presence afmaallerspecieghan expected.dyacrylamide gel
electrophoresisHigure3.17) revealed that the protein producing the second peakinvieg
case of botlthe mutant and wildlype titrationsthe intact, 31 kDanononer, consistent with the
red colour of the solutions
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Figure 3.16: Trace showing the UV absorbance during gel filtration oHis-tagged p53mCherry
protein following metal ion affinity chromatography. The mutant protein sample (blue) was run firsi
Purification of the wildtype (red) was carried out immediately after all of the sjioe protein had
cleared the column. There is a linear relationship between the logarithm of the molecular weight a
elution volume so this graph resembles a trace of absorbance against elution volume. The absorb
milli -absorbance units.
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Figure 3.17: Polyacrylamide gek with fractions from purification of both the wild-type (A) and
mutant (B) p53-mCherry proteins revealing that all samplescontain an intact, 31 kDap53-

mCherry protein. Samples were taken at the start (S), middle (M) and end (E) of each of the peak
shown inFigure3.16 above

3.4.5. ERET EXPERIMENTS WIT H P53MCHERRY

3.4.5.1 Titration of p53-mCherry into a GFP-Mdm2 solution

The mutant peptide was found to bind more strongly to-@EmM2 than the wiletype.

Titration of p53mCherry protein into GFRIdm2 and measurement of the GFP emission at 505
nmyieldedtitration curvedor both the wildtype and mutanfFigure3.18), from which the
dissociation constants for binding were found to be 3.7 £ 0.2 uM and 0.21 + 0.11 pM

respectively.

Both the wildtype and mutantonstructdavepotential advantages. Tindld-type having he

correct p53 sequence, should theoretically provide the best indication of which compounds
compete most effectively with p53 for Mdm2. The higher affinity mutant, because it binds more
strongly, can be used at a lower concentration, reducing the armiquotein needed for

assays.
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Figure 3.18: Titration of p53-mCherry into GFP-Mdm2. Because the curves were unlikely to plate
at the very highest concentrations of p&&herry, many higlsoncentrations were tested to ensure tha
the dissociation constant could still be determined accur&klg) Wild-type p53mCherry. Red)
Mutant p53mCherry.

3.4.5.2 Titration of potential inhibitors into a p53 -mCherry and GFP-Mdm2 solution

After the Ky of the p53mCherry GFRMdm?2 interaction had been found, NutBhR5C3 and
unlabelled p53 peptide were each added to solutions containing/@/R2 and p53Cherry to
see if the system could be used to distinguish their relative binding affinities for Nrtjuge
3.19shows the effects of Nuthfd and R5C3 on the emission spectrum. As expected, atihding
known inhibitorR5C3 abolished the FREMdicating that R5C3 displaced tp83 Cherryfrom
the p53 binding site dBFRMdm2 (Figure3.19B). However, adding a large amowftNutlin-3
only partially reducedhe FRET(Figure3.19A). The original spectrurof GFRMdm2in
isolationmight not have ben restored due to Nuth® precipitation causing scattering, reducing

the intensity of the fluorescence measured.
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Figure 3.19: Emission spectra showing the effects of introducing Nutl#8 and R5C3into the GFP-
Mdm2 mutant p53-mCherry system A) 13.5 pM Nutlin3 added to 2 uM GFHRMdm2 and 5 pM p53
mCherry. B) 50 uM of R5C3 added to 1 GFRIM2 uM and 1 uM p53dnCherry. In both A an®, the
initial spectrum of GFRMdm?2 is shown in green. The addition of pB®herry produced the red
spectrum and addition of the inhibitor generated the blue spectrum. The dotted green line in B shc
spectrum of GFRMdm2 in the presence of R5C3 but p53mCherry, which indicates that the differen
between the solid green and blue lines reflects absorption by the mCherry.

Figure3.20 shows the results of titrations carried oub GFRMdm2 and wildtype p53
mCherry Using 1 M GFP-Mdm2 and 5 uM p53nCherry,ICso values of 1.4 + 0.2M, 2.5 +
0.3uM and 17 £ 5 uM were obtained for Nutiy R5C3 and unlabellgub3 peptide
respectively. These results correctly reflect the relative binding affinities of these inhibitors,
which have K; values of 72 n¥f® 100 nM’>and 890 nM"®respectively.
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Figure 3.20: GFP fluorescence during the titration ofinhibitors in to a solution of 1 uM GFR
Mdm2 and 5 pM p53mCherry (wild-type).Results for Nutlir3 are shown in blue, results for R5C3 ¢
in red and results for the unlabelled p53 peptide are in purple.

As described above, titratiaf the oligopbenzamidBPY-2-75into a mixture of GFAMdm2

and p53eosincaused an increase @GP fluorescence. However, the presesiagbe
oligobenzamidd’PY-2-75 (at a concentration of 50 uM) a mixture of 2 uM GFRMdm2 and

5 uM p53mCherry(Figure3.21, p234) causes drop inthe GFP fluorescereof the mixture,
rather than the expected increase. A control run was performed wiBmoCherryand, in

this test, the oligobenzamide did not reduce the GFP fluorescence, suggesting that the drop
observed in the presence of pd&herry reflects an imease in the amount of FRET, an
observation for which there is no obvious explanafid®increaséas seerusingboth mutant
andwild-type p53mCherry anccomparableesultswere obtained usintpe similar compound
PPY-2-95in place of PPY2-75. (SeeFigure3.8 for the structure of PP2-95.) These findings

warrant further research.
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Figure 3.21: The effectof oligobenzamide PP¥2-75 on the degree of FRET between GFRIdm2
andp53eosin  The emissi on s pMdent2r,und -ogpepa@m& hde Mr GF B r
PPY-2-75 (an oligobenzamide) solution is shown in red. The other lines are controls which lack eitl
p53mCherry component (replaced with buffer) or the PR¥ (replaced with DMSO). PRZ-75
causes a decrease in GMEIM2 fluorescence, but only in the presence of-p&3herry.

3.4.6. INVESTIGATION OF WHE THER OLIGOBENZAMIDES BIND TO P53-
EOSIN AS WELL AS TO GFP-MDM?2

The results involving PP®-75 so far described present apparent inconsistency. This
oligobenzamide causes a decrease in FRET when added tM@RP and p530sin but seems
to cause an increase in FRET when added to-K&m2 and p53nCherry. In the former case,
the assumption has been that the PPA5 causs the dissociation of GHRdmM2 and p53:0sin

by binding to GFRMdm2 but similar results would be obtained if the oligobenzamide binds to
the p53eosin instead. This could explain why no reduction in FiREapparent in the GFP
Mdm2-p53mCherry system analso implies that PP®2-75 is unlikely to be an effective
inhibitor of the p53aMdm2 interaction.

To test the hypothesis that the oligobenzamide interacts wite@&8, PPY2-75 was titrated

into a solution of p5&osin alone (with no GFRIdm?2) across aicrowell plate(Figure3.22).

A 40% drop in eosin fluorescence was observed, which suggests that oligobenzamides in some
way lead to quenching of the fluorescence. Given that saturation is observed at high
oligobenzamide concentratis, interaction of the oligobenzamide with the £83in molecule

is almost certainly the cause of the drop in fluorescence. This would be consistent with
previously published results which suggest that oligobenzamides bind to p53 labelled with

fluoresceina fluorophore similar to eosin

Any interaction between oligobenzamides and-p68in should not directly influence FRET

measurements in the GRRIM2 and p53:0sin assay because the amount of FRET is



monitored using the GFRIdm2 fluorescence alone. However, if the interaction significantly
reduces the amount of oligobenzamide available to bind teNER2 or contributes tde
dissociation of GFRMdm2 and p53:0sin, then the calculated binding affinities would be

affected.

Establishing the Kof the oligobenzamidp53-eosin complex would provide a useful measure
of the potential of this interaction to affect the validity s$ays. In theory, it should be possible
to derive K from results of the type shown figure3.22, using Equatior.1 (p205).
Unfortunately, in this case, tla@parentigh affinity of oligobenzamide for p58osin coupled

with the high concentration of p&®sin required to produce detectable fluorescence in the plate

reader combined to rka this impossible in practice.
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Figure 3.22 The effect of PPY:2-75 concentration on the apparent fluorescence of microwell plate
well solutions containing 1.6 uM p53eco0sin Excitation was at 492 nm and emission was measured i

590 nm.

Figure3.11B (p225 shows the results of titrating inhibitors in to a mixture of-p63in and
GFRMdm2. Whereas curgdased on the Hill equation with the Hill coefficient fixed at 1
could be fitted to the results obtained with bothlide® and R5C3, the oligobenzamide results
were not consistent with a Hill coefficient of 1. A curve with the Hill coefficient fixed at 2
(shown in the figure) fitted the oligobenzamide results much better. This suggests that two
molecules of oligobenzamédmight be involved in the dissociation of GFWRRIM2 and p53
eosin, one to bind to the GFRImM2 and one to bind to the p&®sin.



3.5. Conclusions and Further Work

The aim of this practical section of the project was to prodidREAT assaywhich would be
independent othe fluorescencanisotropyassay for the purpose of measuring the binding
affinity of p53Mdm2 inhibitors. Three different FRET acceptors were testedYp33 p53
eosin and p58Cherry. The first of these was found to be of limiteddigeto low FRET
efficiencyand thesignificant overlap of the GFP and YFP emission speeatnech meant that

FRET caused only a small change in the fluorescence spectrum.

Changing the acceptor fluorophore from YFP to eosin reduced the emission spectrum overla
The GFPMdm2 and p53%o0sin assay was tested using ketbmporal titration in a
spectrofluorimeter cuvette amdbspatial titration across the wells of a microwell plate. The
demonstrated success of the second method is crucial because it makes the assay amenable to
high-throughput screeninigy a platehandling robot and plate reader.

Unfortunately, p53zosin, like ag fluorescently labelled peptide, is difficult to purify from
unlabelled peptide following synthesis and cannot be expressed in a cell making it unsuitable
for in vivoassays. Consequently, another attempt was made to find an efficient FRET pair
involving a protein FRET acceptor. Two constructs of p&3herry were made, one based on
wild-typep53 peptide and one based on a mutated p53 peptidenilthegype protein produced
good results with the known p83dm2 inhibitors Nutlin3 and R5C3. The mutant also

produced good preliminary resultsit was not extensively tested, partly because very little of

the protein was available.

While the oligobenzamid€’PY-2-75 inhibited FRET in the p58osin system, in contradt,
appeared to promote FRET when g&&herry wa used as the acceptor. This was surprising
given that the proteito which the oligobenzamide is thought to hiGFRMdm?2, is the same

in both the eosin and mCherry assays. The possitilitlydissociation of the GHAdm?2-eosin
p53complex could beausd primarily bythe bindingof the inhibitorto the labelled peptide

andnot the GFPMdm2 was considered. Oligobenzamides had previously been found to bind to
p53-peptidd? and a drop in p58osin fluorescence was observed when compound was added to
p53-eosin in the absence of GRMRIM2. Such a situation would make it impossiblgtedict

the relative abilities of different oligoheamides to inhibit of the pS8ldm2 interaction using
molecular dynamics simulations of Mdm2 alone. A method was therefore required to confirm
that oligobenzamides bind to Mdm2, a method not requiring the use of competing p53 peptide.
Nuclear magnetic resance (NMR) can be used to test for small molecule bindingamd

potentially reveal where binding is likely to occur. This is the subject of the next chapter.



Many inhibitors of proteisprotein interactions have a low solubilitgonsequently, assays

which can be used to determine the affinity of potential inhibitors without theto¢est them

at high concentrationsould be useful. The p58osin assay developed in this project for testing
oligobenzamides is such an assHye GFP fluorescence of easblution of GFPMdm2, eosin

p53 and potential inhibitor is determined relative to that of a control lacking thegst3 To

ensure that the unbound FRET acceptor, which is present in the mixture but not the control,
does not affect the fluorescence, tdumor is excited at a wavelength at which there is no

acceptor absorbance and its fluorescence is read at a wavelength at which there is no acceptor
emission. If the small molecule causes dissociation, the fluorescence of the mixture and the
control convege at high inhibitor concentrations, so the ratio of the fluorescences approaches 1.
This known titration endpoint allows a curve to be fitted to titration results without the
requiremento test very high compound concentrations. In future, this new thethdd be

used to test other low solubility or high absorbance inhibitors which could then be developed

into more soluble compounds.

In the method above, the wavelengths used to excite the GFP and detect its fluorescence were
chosen to avoid detection ebsin, not to produce the strongest signajudncher molecule

could be used instead of an acceptor fluorophore, eliminating all backdtoarescence from

the acceptdf®. This would make it easier to select the best measurement wavelengths,

particularly when restricted to the small set of filters available in a plate reader.

If colourless oligobenzamideseproduced in the future théfRET could be monitored by
observinghe ratio of acceptor to donor fluooemice. Thisncreases the signal to noise ratio in a
FRET assay because variations in the absolute fluorescence during the experita&pharnto

account

When measuring the ratof donor to acceptor fluorescence, emission due to direct excitation of
the acceptor can reduce the effect of FRET on the acceptor fluored8BiEcE.

(bioluminescence resonance energy trangfea)solution to this problemh€ luminescent

donor molecug (typicallyRenilla reniformiduciferase) does not need to beiged with light

so therecan be no direct excitation of the accePttt



4.  The Assignment of Mdm2 L33E NMR Peaks and Their Use to

Characterise the Binding of Peptidomimetics to Mdm2

4.1. Summary

This chapter describes the productior®di-labelled Mdm2 L33E for NMR, the assignment of
its *®N-Heteronuclear Spin Quantum Correlation (HSQC) spectrum peaks and the movement of
these peaks upon the addition of oligoamides.

Addition of PPY:2-75 to Mdm2 L33E or the same molecule but with a polyetie glycol

(PEG) chain added to increase solubility (AB062) was found to have little if any effect on the
HSQC peak positions, suggesting that there was no binding. The latter compound is soluble, so
the lack of a 10H-NMR spectrum for this compound,ribt also PPY2-75, reflects the

formation of a large slowlumbling, soluble aggregate with a very broad spectrum rather than
precipitation of the compound to the extent that there is none left in the solution to detect.

A third compound, similar in stature but lacking the middle benzene ring (VAR) gave a

visible protoaNMR spectrum and did, in contrast to PRY’5, cause peaks to shift on the

HSQC spectrum. These corresponded to residues close to the p53 binding site and the binding
position of thecompound predicted by docking, a position in which the compound is acting as a
peptidomimetic. Taken together, these findings suggest that the difficulty obtaining a proton
spectrum with the other compounds might reflect a solubility or aggregationmprahlgue to

some oligobenzamides rather than an inability of oligobenzamides to bind to Mdm2 in general.
They suggest that if this problem can be resolved, oligobenzamides could bind in the p53

binding site.

The assignments for the L33E mutant will be uk&dr future work and the findings of this
research, most notably the instability of the protein in DMSO concentrations above 5%, the

formation of a large aggregate by some soluble oligobenzamides and the evidencel®2/A3



binding in the p53 binding st provide insight into the type of oligoamides likely to be most

useful for future inhibitor development.
Key research outcomes described in this chapter:

bl Assignment of the HSQC peaks for Mdm2 L33E, a protein fixed in the open
conformation potentiallyacilitating more accurate determination of where ligands bind
in future.

1 Confirmation that VA3192 binds in the p53 binding site of Mdm2, contacting residues
which are consistent with the compound acting as a peptidomimetic.

1 Discovery that Mdm2 L33E starto lose its native structure at DMSO concentrations
above 6% and identification of an aggregation problem involving oligobenzamides

which means that they are not free in solution.

4.2. Introduction

The docking resultdescribed irchapter 2 suggest that@libenzamide compoundse able to

bindto Mdm2 in many ways other than in the paradigmatic binding pose proposed at the start of
this thesis, where the compound lies extended in théjkBng site with each side chain

mimicking that of a p53 residue.

Thefluorescence polarisation results of the previous chapter suggest that oligobenzamides bind
in the p53 binding groove but these results are compromised by evidence of some
oligobenzamides binding to the p88orescein probe. The chapter describes howFR&sed

assays were developed in an attempt to produce an orthogonal method, which could yield
supporting results. While in FRET assays, thin®ed compound PP*2-75 appeared to

displace p53o0sin from the p53 binding groove, there was also evidente abimpound

binding to the p5&osin probe. Also, preliminary results with p6Berry were less clearly in

favour of the compound binding to Mdm2. Given the potential impact of binding position on
affinity and on the ability of a compound to prevent p58livig, more evidence supporting the

predicted binding location of oligobenzamides in the p53 binding site would be desirable.

The movement of peaks in #EQCNMR spectrum can indicate which residues a compound
binds close to on the surface of a protammah HSQC spectrum, therease pealper NH bond

so, with the exception of proline, which does not show up, and residues with amine ar amide
containing side chains, which have multiple peaks, there is one peak per.rébiglpesition of
each peak depdson the environment of the hydrogen and nitrogen atonsditferent for

each amino acid. @formational changes in the protein or direct binding of a compound can



affect the position athe residue peaks on the spectrum. Mapping residues associdutéaewi
shifting peaks to the 3D structure of the protein can therefore indicate where a small molecule

might binds.

An HSQC NMR titration has previously been performed using an oligobenzamide dimer with
carbonlinked side chains and wittype Mdm2*®. This project builds on this research, iegt
oligoamide trimers which are much more easily synthesised because they haveliokggen

side chains and which should bind more strongly because they are larger and the side chains are

prearranged by intramolecular hydrogen bonds.

This work is also neel because it uses the L33E mutant of Mdm2, a protein stabilised in the
open, unbound conformation of the protein. Interpretation of HSQC spectrum peak movements
can be complicated by the propagation of conformational change through a protein to residues
some distance from a ligand binding site. The binding of peptides taypigdMdm?2 is known

to cause the movement of HSQC peaks created by residues some distance from the p53 binding
site'?®. The L33E mutant of Mdm2 could therefore be useful because, if it does not undergo
long-range conformational changes, only the peaks of residues direatlyed in binding

should move when a compound binds. Consequently, use of this protein in future, facilitated by
its assignment in this project, could enable a better understanding of where potential inhibitors

of the p53Mdmz2 interaction bind to Mdm2.



4.3. Methods

4.3.1. CELLS

E.coliDH5Uand expression strains transformed wWittwvagen pET4b plasmid(Merck)

carryingDNA encodingMdm2 L3ZE were supplied as glycerol stocks by Geoffrey Plante and

Alice Bartlett (University of Leeds)he plasmid was extractédm DH5Uovernight stock

culturesby Miniprep (Qiagenpccor di ng t o t he .Thaexprdssioo straimser 0 s
CodonPlus $tratagene), GOLD (Stratageraa)d Rosetta @Merck) were transformed using

heat shock according the® the manufacturerds i

4.3.2. MEDIA

Overnight cultures were grown in 2xYT rich media comprising T&rgptone soya broth

(Oxoid), 10 gi* yeast extract and 5 gsodium chloride solution.

Large scale expression was performed in 99% standard minimal medium, 1% LB rich medium
with 100 gi* (260 mM) Carbenicillin. Expression tests were performed using a variety of
different LB concentrations as detailed in the results section, also using'10argenicillin.

LB comprised 10 g! tryptone soya broth, 5 §least extract and 10Gsodium chloride

solution.

Standard minimal medium contained 50 mM sodium phosphate, 0.4% w/w (22 rgME&se,
20 mM potassium phosphate,gr* (18 mM) ammonium chlorid€°N-labelled in large scale
expressions)0.5 gi* (8.6 mM) sodium chloride animM magnesium sulphate with trace
elements and BME vitamins (Sigma Aldrich). The trace elements were, in their final
concentrations, 50 uM iron(lll) chloride, 20 uM calcium chloride, 10 uM manganese(ll)
chloride, 10 uM zinc sulphate, 2 uM cobalt(ll) chitbe, 2 uM copper(ll) chloride, 2 uM
nickel(ll) chloride, 2 uM sodium molybdate and 2 uM boric acid. BME vitamin solution from
Sigma Aldrich comprises 85 nigNaCl, 2 mg* myo-inositol, 1 mgf* D-Biotin, 1 mgl* choline
chloride, 1 mgf folic acid, 1 mgf niacinamide, 1 mgl D-pantothenic acig50% Ca), 1 mgt
pyridoxakHCI, 1 mgl* thiamineHCI and 0.1 mgt riboflavin.

Autoinduction medium was also used where indicaiéds comprised % w/v (54 mM)
glycerol,50 mM potassium phospte, 50 mM sodium phosphag5 gi* (46 mM)*°N-
ammonium chloride, 5 mModium sulphate2 gi* ( 5. 8 -lmdtbse, A6 gl (2.8 mM) D-
glucose, 1 mM maggsium sulphatedrace elementas aboveand BME vitamins (Sigma

Aldrich) as above.



4.3.3. EXPRESSIONTESTING

CodonPlus, GOLD or Rosetta 2 (see above) with pET14b carrying cDNA for Mdm2 L33E were

grown up in 10 ml 2XxYT broth overnight at 37AC, s
culture was transferred into 15 ml of the growth medium containingjt’0Darbenicillin for

testing. Cultures were grown as before at 37°C until the optical density of the solution at 600

nm exceeded 0.5. Expression was then induced by the additgopaipy!

thiogalactopyranosiddRTG) to a final concentration of 0.5 mahd cells were grown at 18°C

for 16 hours wunless otherwise stated. Cells were
3000 x g and were 1guspended in 20 mM Tris buffer (pH 7.9) with 0.5 M sodium chlamiuk

20 mM imidazoleLysozyme and DNAse weigdded in excess. Then, the cells were lysed

using repeated freezing in liquid nitrogen and thawing at room temperature until the viscosity of

the solution appeared to drop indicating that lysis had occurred. The cell debris was pelleted by
centrifugationat 16200x g. The lysate was removed from each sample and analysed using

polyacrylamide gel electrophoresis. Where stated, the composition of the cell debris pellet was
similarly analysed after resuspensiraeinsi n 150 ¢l o]
will be present in the supernatant. If the protein is not present in the supernatant, running the

pellet on a gel in addition to the supernatant allows a lack of protein expression to be

distinguished from expression followed by precipitation efphotein.

4.3.4. POLYACRYLAMIDE GELS

Protein samples were diluted using an equal volume of SDS reducing buffer (0.3NCTris

buffer (pH 6.8), 10% SDS, 0.05% w/v bromophenol blue and 50% glycerol). They were placed
in a 95°C heat block for at least 3 minuteiipto loading. 15% polyacrylamide gels (described
p214) were used, run in SDS running buffer comprising 25 mM Tris base, 192 mM glycine and

0.1% w/v SDS. Gels were run using a constant current of 30 mA.

4.3.5. LARGE SCALE EXPRESSION

GOLD cells with pET14b carrying cDNA for Mdm2 L33E were grown up in 40 ml 2xYT broth
overnight at 37°C, shaken at 200 rprardge scke expression was performed using 2 litres of

99% standardhinimal medium, 1% LBich mediawith 100 gI* (260 mM) Carbenicillin This

was split between 4 baffled flasks. 10 ml of the 2xYT overnight culture was added to each flask.
The cultures were grown as before at 37°C until the optical density of the solution at 600 nm
exceeded 0.5. Expression was then indugetthé addition of IPTG to a final concentration of

0.5 mM and cells were grown at 18°C for 16 hours. Cells were pellstiadl 5 mi nut es 6
centrifugation at 6008 g and were resuspended in 20 mM Tris buffgrH 7.9) with 0.5 M

sodium chloride and 20 mMnidazole Lysozyme and DNAse were added in excess. The cells
were then lysed by sonication. The cell debris was subsequently pelleted by centrifugation at

15000x g leaving the expressed protein in the supernatant.



4.3.6. PROTEIN PURIFICATION

Protein purificatiorwas carried out as described for gBBerry in chapter 3 @14 but with

two key differences. Firstly, the final storage buffer, hereinafter referredftdNa®IR b uf f er o
was pH 7.3, 73 mMNaHPQ,, 27 mM NaHPQ,, 1 mM DTT and 2.5%/v (340 mM) glycerol,

so constituted to ensure that the pH and ionic strength of the solution were similar to those used
in the production of previously published chemical shifts for Md@mSecondly®N-Mdm?2 is
colourless so the protein concentration was determined using the UV absonheasered

using a Nanodrop 1000 (Thermo Scientific) spectrophotometer. The construct contains no
tryptophan but it has 7 tyrosine residues and a cysteine. The ProtPar&fn tool
(http:/Aveb.expasy.org/protparam/, Swiss Institute of Bioinformatics) predicted the extinction
coefficient to be 10430 Mcm* at 280 nm.

4.3.7. COMPOUNDS

The compounds PR2-75, AB062 and VA3192 (Figure4.13, p263 were supplied dissolved

in DMSO byPanchami Prabhakarafinna Barnard and Valeria Azzarito (University of Leeds)
respectively. PP¥-75 is an oligobenzamide which fluorescence polarisation results suggest
binds to Mdm2%. AB062 is identical to PP2-75 but for the addition of a polyethylene glycol

chain intended to increase solubility. VA82closely resembles PRX-75 but it has three

changes intended to significantly increase solubility. Firstly, the central phenyl ring of the
scaffold has been replaced with a single carbon which the middle side chain is attached to.
Secondly, this middle de chain has been reduced in size to a benzyl group. The middle unit of
the oligoamide has therefore become phenylalanine residue. Finally, a glycine residue has been

added to the @erminal end of the molecule.

4.3.8. TESTING COMPOUND SOLUBILITY

UV spectrophotoratry was used to test the solubility of RRY¥5 and AB062. In the case of
PPY-2-75, 2 ¢l 0-Z-75 ih DMSOMasRdI¥d to 3.3 ml of phosphate buffered saline

with 10% DMSOQOin an attempto makea6 € M aqueous solution. Afte
1 ml was loaded into a cuvette, and further 1.1 ml aliquots were loaded into each of two
Eppendorf tubes. Using a Cary 300 WAS spectrophotometer (Varian), a UV spectrum (from

240 nm to 440 nm) of the sampiethe cuvette was takemmediately. The othedwo samples

were left at room temperature for 3 hours. One of these was then centrifuged at 16200 x g for 1
minute. 1 ml of the supernatant was removed from the top of each Eppendorf tube and loaded

into a separate cuvette. The cuvettes were scannetidikest. The buffer was used for

blanking.
The solubility of ABO062 wa SNMRWBufeo stdeadeified as f
purificatono above) and 18.6 €l of pure DMSO wer e

AB0O62 was added in an attempt to make 360 ¢l



second vortex miXx, 150 €l of the solution was rem
cuvette allowing the UV spectrum to be read from 280 nm to 400 nm. Thewréemaig 2 10 ¢ |

was i mmedi ately centrifuged at 16200 I g for 1 mi
removed and this was mixed into 3 ml of DMSO in a cuvette. The spectrum was read again. 150

e | NWMR bufferwas added to 3 ml of DMSO in a cuvette to méhke blank.

The experiment with AB062 was repeated using a DMSO concentration of only 1%. Again 360
e | of solution was made; 3 ¢l of MMRbuffst ABO62 in D
and 0.6 ¢l DMSO.

The spectra were compared to see if centrifugdtaahreduced the concentration of the
compound in the solution, causing a drop in its UV absorption. Unless they have aggregated to

form larger particles, soluble compounds stay in the solution so the spectra should be identical.

4.3.9. NMR

As described in the ralts section, three dimensional NOESNSQC and TOCSYSQC

spectra were used to assign the amide peaks in the HSQC spectrum of Mdm2 L33E to their
respective amino acidfhe NOES¥HSQC and TOCSYSQC were collected on a 750 MHz

NMR spectrometer (Varian) usg 16 transients per incremeAfter assignment had been
completed, potential ligands were titrated into a sample of the prBt8@C spectra were

collected after selected additions using either the 750 MHz spectrometer or a 500 MHz machine
(Varian) withtypically 12 to 16 transients; however the number of transients was increased for

the last point of a titration if the signal to noise ratio was poor.

Pulse sequences from the BioPack pulse sequence library (Varian) were used. Phasing was
performed usindgNMRpipe (National Institutes of Healffj and spectra were viewed using
CcpNmr Analysis (CCPNY°.

All measurements were taken at 15°C and, unless otherwise statexh smzetobtained using
solutions of 90¥N MR b u f fPeotein furfiateoondi above) and 10% deuteri um
(Cambridge Isotope Laboratories). (The protein was stored in NMR buffer so the protein

solution added formed part of tiemponent.) Fresh dithiothreitol was added to the buffer

used.

For the 3D assignhment spectra, 300 ¢l of solution
concentration of 300 e&€M. For 2D spectra, the prot
titratons, 300 €l was the initial volume but the vol ul

change in solution volume was factored in when calculating the volume of compound solution

to add at each step of the titration.



Ligands were added from 10 mM stock sinos with DMSO as the solvent with the exception
of a few additions which would have required adding less thagl @f2he stock solution. In

these cases, a 1@thes(0.1 mM) dilution of the stock solution was made using NMR buffer
and was used to adde required amount of compound to the protein solution. As described in
the methods, in an experiment testing AB062, the detergent CHARS (
cholamidopropyl)dimethyhmmonio}1l-propanesulfonajevas used at a concentration of 20

mM (before any dilutiomue to compound addition). This was incorporated by adding 10% wi/v
CHAPS when preparing the titrant and reducing the volume of NMR buffer accordingly.

To quantify the difference ipeak positions between two specaalistance metric, d, was

defined as fiown in equatior.1%%*

. This is theroot mean squarof the chemical shift
deviations i, andUy for hydrogen and nitrogen respectivedfter the hydrogeshifts havebeen

multiplied by 5 to account for the difference in magnitudehefshifts for the two atom types

o P
0

41

Where N is the number of peaks.



4.4. Results and Analysis

4.4.1. EXPRESSION AND PURIFICATION OF MDM2 L33E

4.4.1.1.Expression testing

Expression of Mdm2 was tested in three different host cell lines under a variety of conditions to
identify which cell line and conditions would lead to most effective production of soluble

Mdm2. The small sizef the energy differences probed in NMR experiments leads to a high
signal to noise ratio, necessitating the use of high protein concentrations. However, production
of labelled protein necessitates the use of minimal media, which can lead to poor expressio
Expression testing enables the optimal conditions for expression of soluble protein to be
determined prior to the use of large volumes of media containing expensive labelled

compounds.

Cells of each cell line were transformed with recombinant pET L4taiodmy Mdm2 L33E

cDNA. This encoded a Ris-tagged version of the protein. The ability of the cells to express
soluble Mdm2 was assessed as described in the methods section. Good expression had
previously been observed using Condon Plus cells with richianeowever, in minimal media,

the results obtained with CodonPlus cells were inconsistent, suggesting that there was some
tendency for plasmid loss. In addition, subsequent testing under a variety of con#itjoins (

4.1) implied that Mdm2 was insoluble. (After centrifugation of the cell contents, polyacrylamide
gel electrophoresis showed Mdm2 was present in the pellets but not the lysates.)

No expression was evident in Rosetta cells. However, there was good expression of soluble
protein in GOLD cells using several media. Initially GOLD cell expression was not observed in
pure minimalmedium Figure4.2); however in further trials to establish the minimum
concentration of LB necessary for expression in GQEQure4.3), expression was obsved

in entirely minimal medium. The latter suggested that the former resulirnveasalous and
therefore that the LB medium was probably superfluous; howewge scalexpression was
carried out using cells from this last experiment vith LB in case the concentration ofrace

LB medium constituentvas a limiting factor.



Figure 4.1: Expression of Mdm2 in CodonPlus: trials using different media After cells had been lysed, both the lysates (left) and the cell debris pellets (right) were analy:
SDSPAGE. The resultshow that Mdm2 was expressed but was insoluble.







































































































































































































