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Abstract

Chemically induced degradation has emerged as a valuable tool in chemical
biology and medicinal chemistry for both potential therapies, and to investigate
protein function. Proteolysis targeting chimeras (PROTACs) are small
molecules that can hijack E3 ligases, the protein complexes that catalyse
ubiquitination, to direct proteasomal degradation of selected targets.
Simultaneous binding of both the E3 ligase recruiting moiety and warhead to
their respective targets induces ternary (E3-PROTAC-target) complex
formation, allowing the E3 ligase to perform ubiquitination on non-native
substrates. Subsequent polyubiquitination of the target protein signals for
proteasome dependant degradation. Despite significant strides in PROTAC
development, including multiple early phase clinical trials, currently only proteins
with known binders can be targeted for degradation. We hypothesise that to
improve the target landscape of PROTACs and increase the degradable
proteome, we could implement a proteomics-based screen of promiscuous
kinase focussed PROTACSs.

An array of small molecular weight kinase binding PROTACs were synthesised
and triaged through proteomics analysis, identifying selective NEK9 and Aurora
kinase A (AURKA) hit degraders. Subsequent validation confirmed degradation
of NEK9, however, through a neddylation and CRBN independent mechanism.
Warhead alterations were explored to determine what component of the
degrader conferred the unexpected degradation mechanism. A selective
AURKA PROTAC was found to be active at low nM concentrations, affording
robust reductions in protein levels over a 2-72 hour treatment. Warhead
substitutions to previously published AURKA inhibitors in addition to truncation
of the warhead afforded reduced degradation potency. Through the use of small
molecular weight warheads, we highlight the ternary complex driven
degradation of AURKA, and demonstrate that some PROTACs may not require
high affinity warheads. Our approach has the potential to afford degraders of
underexplored proteins and provide valuable chemical tools to elucidate protein

function.
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Chapter 1: Introduction

1.1 PROTAC Mediated Degradation

Chemically induced degradation has emerged as a valuable tool in chemical
biology and medicinal chemistry for both therapies, and to investigate protein
function. Hijacking the cellular ubiquitination machinery accounts for the mode
of action of most degraders, with some notable examples utilising the heat
shock protein response and direct proteosome interactions.! Proteolysis
targeting chimeras (PROTACS) are small molecules that can hijack E3 ligases,
the protein complexes that catalyse ubiquitination, to direct proteasomal

degradation of selected targets in vitro and vivo.?

Ternary Complex

PROTAC /
! Llnker \ E3 ngase Target Protein /\’roteasome

o @N\@ —
E3 ngand Warhead
Ublqumn W

Figure 1.1 lllustration of the structure and function of PROTAC molecules. PROTACs facilitate the
formation of a ternary complex, allowing the E3 ligase to ubiquitinate selected proteins.

PROTACSs are bifunctional molecules containing three distinct units: the E3
ligase binder, linker, and warhead. Simultaneous binding of both the E3 ligase
recruiting moiety and warhead to its respective target induces ternary (E3-
PROTAC-target) complex formation, allowing the E3 ligase to perform
ubiquitination on a non-native substrate (Figure 1.1). Polyubiquitination of target
proteins results in proteasome dependant degradation of the target, liberating
the degrader, giving rise to the catalytic nature of PROTACs.® Some inherent
advantages to this modality over classical inhibition include: the use of sub
stoichiometric quantities of drug, the ability to target non-functional domains, the
complete removal of proteins from the cellular environment, and overcoming

resistance mechanisms.*
1.2 Ubiquitin-Proteasome Degradation Pathway

1.2.1 Overview



The cell must regulate the equilibrium between protein synthesis and removal
to maintain homeostasis. The most prevalent degradation mechanism in cells is
through the ubiquitin-proteasome pathway, whereby E3 ligases mark proteins
for degradation with a poly-ubiquitin tag that is subsequently recognised by the
proteasome.® Ubiquitin is a small globular protein that tags available lysine
residues on substrates, and can form poly-ubiquitin chains through further
addition to one of 6 surface lysine residues (Figure 1.2). This pathway can affect
many cellular processes including regulation of transcription, degradation of
misfolded proteins, cell cycle progression, autophagy, development and
differentiation, and modulation of the immune and inflammatory responses.®
Although ubiquitination is often associated with degradation, differential linking
of ubiquitin units in the poly-ubiquitin chain can signal for multiple other cellular

processes highlighted in Figure 1.2.7
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Figure 1.2 Crystal structure of ubiquitin, highlighting individual lysine residues and consequences of poly-
ubiquitination on each (PDB: 1UBQ).8

1.2.2 Classes of E3 Ligase

E3 ligases catalyse the covalent linkage of ubiquitin to specific proteins in cells.
E3 ligases belong to four classes: really interesting new gene (RING) (including
multi-subunit RING E3), homologous to the E6AP carboxyl terminus (HECT),
RING 7 between i RING (RBR) and U-box E3 ubiquitin ligases.® RING and U-
box E3 ligases are distinct from the others as they transfer ubiquitin directly from

an E2 enzyme to the target through their RING domain. The E2 protein initially
2



requires activation through an E1 ubiquitin conjugating enzyme, covalently
attaching ubiquitin to the catalytic cysteine (Figure 1.3 A).

The most utilised E3 ligases in PROTAC design are von Hippel-Lindau (VHL)
and Cereblon (CRBN), belonging to the multi-subunit RING family of E3 ligases.
These E3s generally consist of a cullin (CUL)-RING-box protein 1 (RBX1)
heterodimer and a substrate recognition protein (SRP). Human cells express
seven different cullins including CUL1, 2, 3, 4a, 4b, 5 and 7, each having the
ability to bind different SRPs which in turn recognise a variety of different
proteins. The CRBN E3 ligase complex is formed of CRBN, DDB1, CUL4a/b,
and RBX1, and is known to degrade several endogenous substrates such as
MEIS2,0 calcium-acti vated pot assi uml,!c glusamines |

synthetase,? and chloride channel protein 1.13
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Figure 1.3 Representative structures of how E3 ligases are activated and function. A) Ubiquitin cascade
that activates ubiquitin to be conjugated to substrates from either an E2 enzyme (RING and U-box e3
ligases) or an E3 enzyme (HECT and RBR ES3 ligases). B) Ubiquitination with RING E3 ligases C)
Ubiquitination with HECT E3 ligases D) Ubiquitination with RBR E3 ligases E) Ubiquitination with U-box
E3 ligases.

HECT E3 ligases ubiquitinate substrates through an intermediate complex
whereby the ubiquitin conjugates to the E3 ligase before transfer to the
substrate. RBR E3 ligases are a hybrid between RING and HECT due to
containing both a RING domain, but also forming the intermediate ubiquitin
conjugate on the E3 ligase prior to transfer. U-box E3 ubiquitin ligases act in an



analogous way to RING E3 ligases with the RING domain replaced by a U-box
domain (Figure 1.3 B-E).**

The most utilised E3 ligases in PROTAC design are RING E3 ligases: CRBN
VHL, MDM2, and IAPs however, some less used ligases are DCAF15, DCAF16,
RNF 4, a n d¥¥%HThe @druitment of alternate E3 ligases is likely to
become more important for the future of PROTAC design to potentially modulate
off target effects and gain compartmental selectivity in the body due to differing

expression levels.*®
1.2.3 Regulation of multi-subunit RING E3 ligase activity

Neddylation is required to maintain an active cullin-based E3 ligase. Neddylation
of cullins is achieved in an analogous way to ubiquitination. An E1-like enzyme
(a heterodimer of APPBP1 and UBA3) transfers activated NEDD8 to an E2
enzyme known as UBC12. DCNL1 then acts as a NEDDS8 E3 ligase by interacting

with UBC12 and cullins, allowing neddylation to occur.?°

Neddylation of cullins activates the E3 ligases through blocking the binding site
for CAND1 association, allowing complete assembly of the E3 complex (Figure
1.4). CANDL1 is a scaffolding protein that can wrap around the CUL-RBX1
heterodimer before an adaptor protein has bound, therefore behaving as a
negative regulator of cullin E3 ligase activity. CAND1 is unable to bind
neddylated cullins due to the NEDDS8 induced conformational change of the
cullin C terminal domain.?! CAND1 has been shown to facilitate the exchange
of different SRPs on cullin E3 ligases through the formation of an unstable
complex. As the unstable complex formation is reversible, it allows for the

exchange of many different SRPs to degrade what the cell requires.??
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Figure 1.4 lllustration of how CAND1 and neddylation regulate substrate degradation. Different substrates
are degraded through the swapping of SRP, mediated by an unstable complex with CAND1. CAND1 can
only bind when CUL is not neddylated. High concentration of substrate will force the equilibrium to the
active degrading complex.

When a cullin E3 ligase complex is formed a target protein and E2 ubiquitin
conjugating enzyme are brought together in relatively close proximity (~50 A)
however, this distance is too far to allow ubiquitin conjugation. Conjugation of
NEDDS to the cullin is required to allow flexibility of its RING domain, and in
turn, ubiquitination of the target protein. This process stops the interaction of
RBX1 with the cullin winged-helix B sub domain, thereby allowing
conformational flexibility of RBX1 (Figure 1.5).%! Flexibility of RBX1 allows the
E2 to span the 50 A cleft and ubiquitinate a target protein.23

Winged-helix B
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Q‘Jﬁ""‘rl\
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Figure 1.5 lllustration of how neddylation induces conformational change in the CUL C terminal domain
as a result of NEDDS interacting with the winged-helix B domain. This allows conformational flexibility of
RBX1, reducing the distance between substrate and E2 enzyme.



The COP9 signalosome is a protein complex that can remove NEDDS, allowing
CAND1 to bind, thereby rendering the E3 ligases inactive. Deneddylation cannot
occur when substrate is attached to the SRP, therefore substrate presence
keeps the E3 ligase in an active form. Isolation of purified neddylated CUL1 and
COP9 signalosome demonstrated the lack of deneddylation in the presence of
substrate.?#2% This also occurs with the CUL4-DDB1 complex and is thought to

happen on all cullin based E3s.?®

Regulation of cullin complexes allows for the efficient degradation of built-up
proteins. If a high concentration of substrate is present, then the relevant SRP
cannot dissociate until the required amount of substrate is degraded. Substrate-
bound cullins cannot be deneddylated, therefore cannot bind CAND1 to swap
out SRP, resulting in a shifted equilibrium towards the required active ternary

complex.
1.2.4 Proteasomal Degradation

When the target protein has been successfully ubiquitinated, it is recognised by
the proteasome to be degraded. The 26S proteasome is a large protein complex
formed of two smaller protein components, the 20S core particle and the 19S
regulatory particle (Figure 1.6). The two subunits form a complex that can
recognise and degrade ubiquitinated proteins into small 2-10 amino acid long
peptides. Previously, it was thought that ubiquitination of proteins was sufficient
in order to mark for degradation by the proteasome, it is now known that
degradation is not only dependant on having ubiquitinated protein, but also a
loosely folded region (ideally containing ~30 varied amino acids, little flexibility,

and being relatively hydrophobic).?7:28
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Figure 1.6 Structure of the 26S proteasome. The 19S regulatory particle recognises and removes ubiquitin
before helping to form a loosely folded region of the protein and initiating the degradation process. The
20S core particle breaks proteins into smaller

Ubiquitination is initially recognised by forming a reversible interaction with
Rpn102° and Rpn133° on the 19S subunit. These proteins have specific domains
for binding to conjugated ubiquitin and bind very weakly to free ubiquitin.
Deletion of these subunits is non-lethal in budding and fission yeast unlike most
other subunits of the proteasome, suggesting other ubiquitin recognition
subunits exist on the 19S particle.3? More recent studies have identified an
additional ubiquitin binding subunit Rpn132 and Dss1,% which may account for
this lack of lethality associated with Rpn10 and Rpn13 removal. It is not known
whether these sites work in a cooperative fashion or if each are selective to a
particular target. The step committing the protein to degradation requires ATP
hydrolysis and the previously mentioned loosely folded region of the target
protein.3* After ubiquitinated protein is bound to the proteasome,
deubiquitinating enzymes remove the ubiquitin chain, recycling the tag to be
used again. Several of these enzymes exist including Rpn11,%® Usp14,% and
Uch37.37 The protein is then pulled through the 20S gate, and peptide hydrolysis
occurs at the Db1l, b2, and b5 subuni

It is not always necessary to polyubiquitinate a target in order to cause its
degradation by the proteasome, short lengths,38 and even a single ubiquitin can
lead to a proteins degradation.® It is likely that a lower number of ubiquitin tags
could increase the chance of protein escaping degradation, as they can be

removed by cytosolic or proteasome associated deubiquitinating enzymes.
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1.3 Early PROTACs

1.3.1 Peptidic PROTACs

The first example of targeted protein degradation with a bifunctional molecule
was developed by Sakamoto et al., linking a phosphopeptide to ovacilin in an
attempt to recruit the Skp1-CUL-F box (SCF"TRCP) E3 ligase to ubiquitinate
MetAP-2.40 Partial degradation was observed within 30 minutes of PROTAC
addition to Xenopus egg extracts, confirming their hypothesis that ubiquitin-
dependent proteolysis could be hijacked to degrade a selected protein. Whilst
this proof of concept study showed PROTAC molecules could induce targeted
degradation, the degrader suffered from low permeability, effectiveness in the
low micromolar range, and in cell phosphatases could inactivate the E3 ligase
ligand.! The androgen receptor (AR) and estrogen receptor (ER) were also
degraded with the SCFPTRCP recruiting phosphopeptide, and in these cases
were dosed using micro injection technology.*® Further improvements, mainly to
the E3 ligase ligand, would be required for improved degradation and cellular

activity.

Schneekloth et al. were amongst the first to utilise an amino acid peptidic
fragment from HIF1U a known substrate of von Hippel-Lindau (VHL) E3 ligase,
modified with a poly-D-arg tag for permeability.41#2 Conjugation to
dihydrotestosterone allowed for the degradation of AR in HEK293 cells at a
25e M t r e &tThiseandtother HIFIU pept i d e hdve been msedtd
develop degraders for MetAP-2,* FKBP12,*3 aryl hydrocarbon receptor,*> and
ERU46

Cyrus et al. discovered that linker attachment point can have a large impact on
degradation through using estradiol and a VHL binding peptide to target ERU 4’
Estradiol has multiple synthetically tractable sites for derivatisation with a linker.
It was found that one position of the ligand was best suited to degrade ERU
more potently. The authors surmise this is a result of higher binary binding
affinity towards ERU however, may also be due to better positioning of the VHL

E3 ligase into a more productive conformation.

Peptidic E3 ligands were extremely useful proof of concept tools, showing the

possibility of this technology, however further improvement to these was

8



required to increase permeability, and reduce metabolic liabilities. Small
molecule E3 binders were soon utilised in PROTAC design to alleviate some of

these issues.
1.3.2 PhosphoPROTACs

Tyrosine phosphorylation is an important post-translational modification and
modulates the activity of many proteins and pathways. Phosphorylated receptor
tyrosine kinases (RTK) can bind downstream targets with both Src homology 2
(SH2) and phosphotyrosine-binding (PTB) domains that further the signalling
pathway.*® Selectively targeting proteins for degradation that contain either PTB
or SH2 domains may stop the RTK signalling cascade, nullifying overactive

pathways, and have antiproliferative effects.

Kinase activity Autophosphorylation
@ through dimerized of tyrosines and of
RTK substrate peptide
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Tyrosine
kinase domain
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Inactive (RTK) /—\

Y pY
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a4
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domain

Substrate Peptide
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Figure 1.7 lllustration of RTK activation and activation of phosphoPROTACSs leading to degradation of
proteins with SH2 or PTB domains. Warhead peptides with the ability to be phosphorylated are used to
bind to SH2 or PTB domain containing proteins, whilst being tethered to a VHL binding peptide..

PhosphoPROTACS are similar in structure to PROTACSs, however contain an
inactive peptidic sequence that requires phosphorylation by RTKs. Once
phosphorylated, the peptidic sequence is active and can bind to SH2 and PTB

domains causing degradation and stopping the RTK signalling cascade (Figure



1.7). The warhead sequences were based upon phosphorylation sites of both
TrkA and ErbB2, using a VHL binding peptide with a poly-D-Arg tag for
permeability. The TrkA-based phosphoPROTAC successfully targeted the
downstream effector fibroblast growth factor
reducing |l evel s bW affed % h.wThe hErbB8-Basede
phosphoPROTAC only showed partial degradati or
PROTACSs showed subsequent downstream signalling effects, going on to be

efficacious in a mouse xenograft model.

A phosphoPROTAC likely has low toxicity to normal cells since only activated
RTK signalling pathways can afford degradation. In addition,
phosphoPROTACs are less likely to cause commonly seen direct RTK
mutations that would normally lead to resistance, as the phosphoPROTAC acts
downstream of this. However, this does not exclude E3 ligase-based resistance
mechanisms.*® These molecules are far from ideal tools due to their poor

permeability, potency, and likely metabolic instabilities.
1.4 Small molecule ligands in PROTACs

From 2008 onwards, the field of targeted degradation mostly moved away from
peptidic ligands to small molecule E3 ligase recruiters. This development was
aided by several key discoveries including: the molecular target for IMiDs being
identified,*° the optimisation of a VHL binding peptide,5! and identification of
MDM?2 and IAP binding scaffolds.5?

1.4.1 MDM2

Nutlin 3a (Figure 1.8) was discovered from a screen at Roche and found to

displace recombinant P53 from MDM2 (ICso 88 nM).>2 Knowing that MDM2 can

ubiquitinate substrates through its RING domain, Smith et al. linked nutlin 3a to

an AR ligand, decreasing | ev&Teiswasdtieer 7h at
first example of an all-small molecule PROTAC identifying MDM2 as a

recruitable E3 ligase in PROTAC design. Further optimisation to the degraders

would be required to optimise the degradation potency of the PROTACSs.

10
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Figure 1.8 Structure of the MDM2 inhibitors nutlin 3a, RG7388 (idasanutlin), MI-2103, and MI-1061 that
have been used in PROTAC design. Nutlin 3a being utilised in the first all small molecule PROTAC
degrader.

Multiple MDM2 inhibitors have emerged as tools and potential therapies,
including nutlin 3a, RG7388 (idasanutlin), MI-1061, and MI-2103 (Figure 1.8).
All these molecules have been used as MDM2 recruiters in PROTACS, however
there are many other MDM2 binders published that could offer improved binding
affinity and alter physicochemical properties in PROTAC design.5?
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Figure 1.9 Structure of A1874, a BRD4 degrader that along with BRD4 degradation maintained the ability
to rescue P53 through the use of the MDM2 binding scaffold nutlin 3a. This afforded a PROTAC with
increased efficacy due to the synergistic effects of P53 rescue and BRD4 degradation.

An interesting feature found with a BRD4-MDM2 based degrader (A1874,
Figure 1.9) was a synergistic antiproliferative effect of BRD4 degradation with

P53 rescue. This showed advantages over the corresponding VHL based
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PROTAC with similar BRD4 degradation potency, showing how synergistic
antiproliferative effects can be achieved with the right choice of E3 ligase.> The
synergy shown in this example has the potential to be utilised with other
degraded targets, but also may be applicable to other E3 ligase recruiters, such

as IMiDs if neo-substrate degradation is maintained.

As MDMz2 is itself an attractive target due to its modulation of P53, multiple
degraders have emerged utilising VHL or CRBN to remove MDM2 from cells.
The first examples of MDM2 degraders utilised VHL and CRBN as E3 recruiters,
all successfully degrading MDM2 in the nanomolar range however, the CRBN
recruiter showed increased potency.®® Whether MDM2 E3 ligase activity
remains and can degrade CRBN was unanswered in this study, and would be

interesting to see if this impacts the long-term effectiveness of the PROTAC.
1.4.2 VHL

H1 F 1 Uknows sulastrate of VHL and is involved in hypoxic response. Under

normoxic conditions, HIF1U is oxidised and th
i s recogni sed by VHL, ubiquitinating HI F1
degradation. Under hypoxic conditions, oxidat i on of this proline do
and HIF1U is free to act as a transcription f

Glutl, and transferrin.>*>" Through chemical optimisation around the key
hydroxyproline moiety found in the initial VHL binding peptides, a potent small
mol ecul e i nhi bi-VYHLrinteraction tds efoundl I(Figdrd) 1.10).
Through conjugation of inhibitors to one of two solvent exposed and chemically
tractable sites on VH298, several effective PROTACSs have been synthesised.
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Figure 1.10 Structure of VH298, an inhibitor of the HIF1U -VHL interaction found through the optimisation
of a VHL binding peptide. This, through multiple linker attachment vectors is one of the most commonly
utilised E3 recruiters used.

The use of VHL PROTACSs uncovered several key discoveries in the field of
targeted degradation, including experimentally determining the sub

stoichiometric nature of a RIPK2-based PROTAC.® Quantifying bands
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corresponding to RIPK2 and its ubiquitinated equivalent identified that a single
PROTAC molecule is capable of sub-stoichiometric degradation. Their data
showed that one molecule of PROTAC can result in 3.4 times as many ubiquitin
modified RIPK2 proteins. Although clearly catalytic, these measurements are
likely a conservative estimate due to degradation occurring of polyubiquitinated
RIPK2.
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Figure 1.11 A) Structure of MZ1, a BRD4 degrader. B) Ternary complex crystal structure of MZ1 with
BRD48P2 and VHL (PDB: 5t35). BRD4BP2 in cyan and VHL in salmon highlighting the kinked linker
conformation and large area of interaction formed within a ternary complex.58

MZ1 is a degrader of BRD4 discovered through the attachment of JQ1, a BRD4
ligand, with a VHL E3 ligase binder through a flexible PEG linker.%° Elucidation
of the ternary complex crystal structure between VHL-MZ1-BRD48P? was a large
step in understanding the linker involvement in degradation systems (Figure
1.11 B).%® The total surface area of contact between BRD48P? and VHL was
calculated to be 688 A2, showing the vast area of interactions possible that can
lead to positive cooperativity of the ternary complex. In addition, MZ1 was
shown to be folded into a bowl shape, with the linker forming interactions with
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the BC loop of BRD4®P? and an internal hydrogen bond with the JQ1 ligand.
Solving of ternary complex structures could lead to a more structure guided
approach in PROTAC design, as opposed to the trial-and-error linker
optimisation done by most. However, it is important to note that the stable
ternary complex observed in a crystal structure may not be the active productive
ternary complex required for degradation.

Often highlighted is the potential of PROTACs to target the undruggable
proteome, as it is not necessary to have an inhibitor only a binder of a target.
Although degraders could conceptually target any domain with a ligand,
functional or not, limited cases have been reported. One example of this is the
TRIM24 bromodomain which, upon inhibition, elicits no phenotypic response.
Gechijan et al. utilised PROTAC technology to degrade TRIM24 using a VHL
binder.5° This PROTAC showed activity in acute leukaemia, highlighting how
other domains of proteins may need to be supressed in order to elicit the desired
phenotypic effect. Identification of these non-functional and druggable sites is
still a challenge and may benefit from a promiscuous PROTAC screening
approach.

An extensive study by Burslem et al. showed, through the degradation of
multiple RTKs, that degradation can have prolonged effects over inhibition.5 A
lapatinib-based EGFR degrader was utilised in cell proliferation assays,
demonstrating improved cell antiproliferative potency against inhibition.
Inhibition of EGFR can lead to kinome rewiring whereby alternate kinases take
over the role of EGFR when it is inhibited, continuing the signalling cascade.®?
Despite decreasing upon initial suppression of ERK1/2, phosphorylation levels
of Akt, c-Met, and HER3, levels returned close to basal levels after 24-48 h of
treatment despite continued presence of the inhibitor. The degrader equivalent
did not show this phenomenon and continued to elicit sustained suppression of
downstream targets. This may be due to scaffolding roles of EGFR being
present during inhibition, causing a feedback mechanism that cannot occur

during degradation.
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Figure 1.12 Structure of SJFU  a n pB8 iSoform selective degraders. Through alternate attachment points
and linkers isoform selective degraders were discovered, likely the result of stringent ternary complex
constraints allowing for high levels of selectivity.

A study from Smith et al. describes the power of the ternary complex in inducing
selective degradation of protein isoforms.®® Through linker optimisation as well
as alterations to the VHL ligand attachment point, selectivity was gained over
p380U and U isofor ms, exemplifying t

achieved, likely through stringent ternary complex requirements (Figure 1.12).

Generally, it has been shown that there is a positive correlation between the
strength of the ternary complex and degradation potency, although this does
have exceptions.® One example by Han et al. showed that the ternary complex
can drive degradation potency through the use of a truncated VHL ligand.® A
key methyl thiazole was removed from a 25 nM VHL binding ligand, reducing
VHL affinity t o-opfimisationcrédultedLlin anpotent PROEAC
against AR, likely attributed to a favourable ternary complex that can overcome
the weakly binding ligand. As poorly binding ligands can still cause potent
degradation of targets, this could give more scope for ligand optimisation of
permeability, solubility, and metabolic issues as smaller molecular weight

ligands may be utilised.

1.43 IAP
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The inhibitor of apoptosis (IAP) family of proteins including clAP1/2 (cellular
inhibitor of apoptosis) and XIAP (X-linked inhibitor of apoptosis), are essential
in controlling cell survival.®® IAPs can promote activation of caspases-3/7/9,
through binding of the IAPs BIR2/3 domain, leading to apoptosis of the cell.
Along with their BIR domains, IAPs also contain a RING domain, necessary for
E2 binding and subsequent ubiquitination of targets. The BIR domains of IAPs
were initially drugged by peptides mimicking second mitochondria-derived

activator of caspases (SMAC), disrupting the caspase-IAP interaction.

O

S/-T)\O\
o wN On o
R A L o Oy
N e N ~ N, H
H 0 N :
o}

LCL161 MVA1

Bestatin A410099.1

Figure 1.13 Structure of multiple IAP ligands used in PROTAC design.

The first use of IAPs in targeted degradation was achieved by Hashimoto et al.
who targeted CRABPI and CRABPII.®" The degrader consisted of bestatin
(Figure 1.13) and alli transi retinoic acid to bind to clAP and CRABP
respectively. This class of PROTACs were only effective in the micromolar
range and induced auto-ubiquitination of clAP, a consequence of the bestatin

ligand.

A notable publication by Mares et al. utilising a IAP binding moiety showed the
first PK/PD results from a RIPK2 selective degrader.%® Their analysis showed
that the PROTAC was active in rats at concentrations below the level of
guantification, attributed to the slow resynthesis rate of RIPK2. This shows
potential for PROTACSs in the clinic with much smaller or less frequent doses

than inhibitor molecules.
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1.4.4 CRBN

IMiDs (Figure 1.14) are molecules that bind to the surface of CRBN, altering its
structure, allowing the recruitment of non-native CRBN targets (neo-substrates).
Of the neo-substrates recruited by IMiDs, all have a common structural beta
hairpin loop which is recognised by CRBN, allowing for ubiquitin tagging. This
molecular glue mode of action was uncovered by Ito et al., using an immobilised
IMiD that pulled down CRBN and DDB1.%° These drugs are clinically used for
the treatment of multiple myeloma, however recently have been used to hijack
CRBN to degrade selected targets.

O O O O
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N o N @]
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Thalidomide Lenalidomide

Figure 1.14 Structure of the two most utilised scaffolds in CRBN-based PROTACSs. Both these approved
drugs are currently used to treat multiple myeloma and were found to bind to the CRBN E3 ligase. They
are amongst the most used E3 ligase binders in PROTAC design.

CRBN has been shown to be a more promiscuous E3 ligase and gives a broader
number of proteins degraded relative to a VHL matched pair, although a
comparison has not been made with either MDM2 or IAP recruiting
degraders.5°70 The promiscuity of CRBN based degraders can be attributed to
the E3 complex and how the cullin is abl

thereby allowing for a larger ubiquitinating area.”*

One potential pitfall with CRBN recruiting PROTACSs is the IMID ligand itself.
These molecules can maintain the molecular glue activity upon PROTAC
conversion however, slight linker modifications can tune out IMID targets from
the degradation profile.”? Although off-target activity is not typically desirable,
one could imagine a potential synergistic effect when degrading a protein
relevant to multiple myeloma, similar to the previous example with P53 rescue
in MDM2-based PROTACSs.

Although PROTACSs have been shown to overcome resistance mechanisms of
the target protein, resistance can still occur and often involves the E3 ligase
itself.*° Stable genetic changes were observed effecting the E3 ligase
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components as opposed to mutations in the protein target. Resistance to the
BET targeting CRBN-based PROTAC was revealed to be due to deletion of 12
million base pairs corresponding to the CRBN gene. Cells were resensitised to
the PROTAC through overexpression of CRBN. Similarly, the VHL equivalent
PROTAC incurred resistance due to multiple genetic alterations of the CUL2
locus that were again rescued by overexpression of CUL2. Interestingly the VHL
resistant cell line was still sensitive to CRBN treatments and vice versa. This
highlights the need for an expansion of E3 ligases used in PROTAC design,

potentially using essential complexes that cannot be genetically deleted.®

The differing tissue expression of E3 ligases could offer compartmental
selectivity, reducing both on and off-target toxicity. To date only one example of
this is published using CRBN to alleviate thrombocytopenia toxicity seen during
BCL-xL treatments.”® Western blotting confirmed the level of CRBN expression
in platelet cells was low, and hence their degrader showed minimal platelet
toxicity as a result, highlighting another potential benefit for PROTAC

conversion of drug molecules.

PROTACSs are often formed of 2 small molecule ligands, individually obeying
6rul e of 56 chemical space however,
resulting PROTAC tends to have poor physicochemical properties. The poor
physicochemical properties associated with PROTACs was highlighted with a
BCL6-CRBN degrader showing poor permeability. It was found that the
PROTACs permeability decreased 400-fold relative to the parent warhead,
highlighting the impact addition of an E3 ligase ligand and linker can have on a
molecules properties.”* Measuring the permeability of PROTACs has been
found to be challenging due to poor recovery in PAMPA assays.’® It was
suggested that a Caco-2 assay would likely be better to explore permeability,
however in-cell target engagement assays could also be used as a surrogate.”®
To date several PROTACs have shown in vivo activity despite the innate
solubility and permeability issues, potentially due to the PROTACs catalytic

nature, mitigating the lack of cellular concentrations.

Efflux has been shown to have drastic effects on the potency of PROTACSs.
Either inhibition of PGP, or knockdown with shRNA showed increased

degradation and inhibition of cell growth with ALK or PTK2 degraders.””-"® Efflux
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is therefore an important factor to consider during PROTAC design due to the
dramatic effects it can have on degradation.

1.5 Activatable PROTACSs

1.5.1 CLIPTACs

In an effort to mitigate the poor property space of PROTACSs, Lebraud et al.
utilised in-cell Click chemistry to degrade BRD4 and ERK1/2.”° Through an
inverse electron demand Diels-Alder reaction of a tetrazine and trans-cyclo-
octene, cellular degradation of both targets was observed (Figure 1.15).
Although no permeability measurements were taken, degradation was not seen
with pre-formed CLIPTAC and required sequential addition of tetrazine and
trans-cyclo-octene. This study provides a strategy for the design of potentially
brain penetrant PROTACS, an area which may be challenging using traditional
PROTAC design.
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BRD4 binding ligand CRBN binding ligand
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Figure 1.15 Structures of a BRD4 targeting CLIPTAC formed from a CRBN binding tetrazine and trans-
cyclo-octene containing BRD4 ligand. Through in-cell Click chemistry, overcoming the poor cell
permeability of the intact molecule, the CLIPTAC was able to degrade BRDA4.

1.5.2 Light activated PROTACs

Light activation of PROTACs has been achieved in two manners, first by

inactivation of the E3 or target ligand with a photo-cleavable group, second
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through a diazo group that can be switched between active and inactive forms.
The former was first introduced through the use of a nitroveratryloxycarbonyl
(NVOC) moiety, a functionality that can be cleaved upon exposure to UV light
(= 365 nm).&° The obvious position for attachment of the NVOC group on
CRBN and VHL binders are the key Glutarimide NH and hydroxy proline
moieties respectively, as modifications to these are often used as negative
controls in PROTAC validation experiments.1981 NVOC photo-caged PROTACs
have been used to degrade targets such as BRD4, ALK, and BTK.82 Similarly,
6-nitropiperonyloxymethyl (NPOM, requiring = 402 nm), diethylaminocoumarin
(DEACM, requiring & = 365 nm), and 4,5-dimethoxy-2-nitrobenzyl (DMNB,
requiring &= 365 nm) have been used for the photo induced degradation of
BRD4 and ERRU.80.83:84

0
W-NH © ©

.

DEACM DMNB

Figure 1.16 Structure of photo-cleavable groups (red) attached to E3 ligase ligands (black) rendering them
unable to bind and therefore degrade the respective targets.

Photo-switchable PROTACSs offer the ability to reversibly modulate PROTAC
activity through isomerisation of key functionalities, often contained in the linker.
As ternary complexes often have stringent linker requirements, drastic
conformational change is likely to have a large impact on degradation. All three
examples of photo-switchable PROTACSs contain diazo derivatives that can be
switched to their active or inactive forms through exposure to different
wavelengths of light. These systems have been used to degrade BRD4,
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FKBP12, BCR-ABL and ABL.>8 The controlled activation of PROTACs is a
very promising approach, however, is subject to several limitations including
DNA damage during exposure to UV light, UV penetration, and an increased
molecular weight of the PROTAC.

1.6 PROTAC Development Approaches

Often PROTACSs are designed with a particular target in mind, one with a known
potent and selective warhead. Although this approach tends to afford potent
degraders, it may not be necessary due to cooperativity arising from ternary
complex effects. The vast area of interaction formed within the ternary complex
has the potential to drive potency of degradation, overcoming weaker binding
warheads.®® The large surface can also impart significant amounts of selectivity

over the parent warhead and is dependant of the E3 ligase utilised.”
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Figure 1.17 Development of two PROTACSs targeting AR (left) and hematopoietic prostaglandin D synthase
(right) through linker modifications. The linker is the main section of degraders that is optimised, likely due
to the highly optimised warheads and E3 ligase ligands used.87 %0

The linker region of PROTAC:S if often the most explored when optimising for
potent degradation. This is likely a result of the highly optimised binders of E3

ligases and targets used, with simple, synthetically tractable PEG or alkyl linkers
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utilised in the first instance. Commonly, rigidity and polarity are added to the
linker, aiming to lock the degrader in its active conformation and improving
solubility. Highlighted in Figure 1.17 is two examples of linker optimisation on
separate target classes where rigidity significantly affected degrader potency
and likely improved solubility.8”"%° In both examples a known solvent exposed
area of the warhead was conjugated to multiple linker lengths, either PEG or
alkyl based. From this, an ideal linker length range is discovered, and was

further optimised through the addition of rigid rings into the linker.

An in-depth publication by Donovan et al. discovered degraders of ~200 kinases
through screening numerous highly elaborated promiscuous kinase binding
scaffolds.”® Validation of multiple PROTAC principles on a large scale was seen,
including the lack of correlation between target engagement with degrader
potency, and the fact that formation of a stable ternary complex does not predict
degradation efficacy. In addition, some kinases were seen to have a high
propensity for degradation including Aurora kinase A. This screen was predicted
to afford tractable degrader starting points for chemical optimisation however, a
recent example attempting to improve selectivity of one PROTAC screening hit
afforded a degrader that maintained off-target activity, suggesting this may be a
challenging parameter to optimise when starting with a highly promiscuous

degrader.!
1.7 Proteomic Methods Applied to PROTACs

Proteomics has been used in the context of PROTAC design as early as 2015
with the aim of confirming selectivity of degradation,®? but more recently to probe
how ternary complex formation effects degradation through use of promiscuous
warheads.”®7® Proteomics is an extremely powerful technique to identify
upwards of several thousand proteins through a bottom-u p or o]
approach. This approach relies on the breaking down of in-tact proteins into
peptides using a tryptic digest. Trypsin breaks down proteins in a highly
selective manner, at the C-termini of arginine or lysine residues, ideal for
proteomic analysis as peptides tend to have a high intensity mass ion.% Despite
the highly powerful analysis proteomics can provide, a lot of information can be
lost through the tryptic digest yielding over half of all peptides having >6 amino

acids, being too small to be identified. Subsequent fractionation (HPLC
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separation and combination of fractions) allows for enhanced depth during
proteomics analysis and ensures highly abundant peptides are less likely to
overwhelm the mass spectrum. This does increase the cost of machine running
as more samples need to be run, and is why fractions are often combined,

reducing depth of the proteomics while reducing costs.

As protein concentration does not necessarily correlate with mass spectrum
signals, in order to compare separate samples we are required to multiplex,
using either TMT labels or a SILAC approach.® The SILAC approach is lower
throughput than TMT labelling as commonly only two samples can be ran
simultaneously, being 0h e adiffgridgsanpldscanl i ght
be made. The samples are modified using media enriched with heavy isotopes
of arginine or lysine during cell culture.®> TMT labels over recent years have
improved the throughput of proteomics, now allowing for up to 18 samples to be
ran simultaneously, deconvoluting at the MS2 stage of proteomic analysis. This
has enabled the high throughput analysis of degraders and has uncovered

multiple important milestones that has enabled degrader discovery.%
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Figure 1.18 Bondeson et al. utilised a promiscuous kinase degrader to query the degradation profile
utilising proteomics analysis. PROTACs were found to be significantly more selective than the parent
inhibitor, whilst having differential selectivity through use of alternate E3 ligase recruiting ligands.

The first use of proteomics analysis highlighted the degradation profile of two
PROTACs containing different E3 ligase binders but the same highly
promiscuous warhead (Figure 1.18). The study highlighted the drastic selectivity
increase observed with degradation as opposed to inhibition, attributing this to
ternary complex effects. Increasing the selectivity of parent warheads has been
a feature seen in further examples,®3°’ highlighting the power of ternary
complex formation and widens the scope of available ligands that can be utilised
for selective degradation.

Further use of proteomics came from a large scale study by Donovan et al.”®
providing evidence that: target engagement and ternary complex formation does
not predict degradation, degradation is cell line dependant, alternate E3 ligases
utilisation changes the degradation profile and IMID off targets can be tuned
with linker modifications. The authors also claim this study provides excellent
starting points for kinase degrader discovery, however the only effort to utilise

an unselective degrader from this data set resulted in a maintained lack of
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selectivity.%* We believe this approach could be improved through the use of
weaker affinity ligands, relying on productive ternary complex formation to

degrade targets.
1.8 Project Aims

Despite all the developments in the field of PROTAC mediated degradation over
the last 21 years, there are multiple key areas that still need to be addressed,
namely drugging the undruggable proteome, and the large molecular weight
space PROTACSs occupy. We hypothesise that we can uncover orphan proteins
of interest and maintain favourable physicochemical space through screening
low molecular weight PROTACSs in proteomics, exploiting favourable ternary
complex formation to afford hit PROTACs that can be further optimised for
improved potency. In doing so, this work will highlight the lack of requirement
for highly elaborated and optimised warheads, providing further options for
PROTAC optimisation.

Ternary complex
Binary binding to a formation with a subset of Productive degradation of

subset of the kinome bound kinases fewer complexes

Figure 1.19 With a promiscuous kinase binder ternary complex formation of only a subset of bound kinases
is expected due to strict ternary complex requirements and a subset of ternary complexes will likely form
productive ternary complexes and will be able to degrade the bound kinase. A screen of small promiscuous
PROTACS will likely afford degradation of a small number of hit proteins than is bound.

For this proof of concept screen, targeting kinases would offer an opportunity to
bind a large range of the family with a simple hinge binding motif, whilst having
the potential to degrade undrugged and unannotated proteins. With this target
class in mind, we believe we will be able to achieve modest levels of binding
potency using low, near fragment sized warheads, whilst affording degradation

upon incorporation into a PROTAC (Figure 1.19). As the warheads will be much
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smaller than what is commonly used, warhead optimisation can be undertaken,
an area often less researched in PROTAC design, but will still allow for the

classical linker optimisation if required.

For the screen itself, an in-house validated global proteomics platform will be
utilised and followed up with Western blot validations of hit proteins.® Through
careful design of our library, we believe SAR will be visible in the proteomics,
giving confidence in the results, and options on how to optimise the degraders
further. Upon validation of hit protein targets, optimisation will be attempted
involving both warhead and linker changes, giving the opportunity to improve

potency.
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Chapter 2: PROTAC Library Design and Proteomics

Screening

2.1 Library Design

To validate a PROTAC screening approach, a suitable warhead scaffold must
be selected that is appropriate for incorporation into a PROTAC. As a proof of
concept, we aimed to target kinases due to the ability to bind many through the
use of a variety of hinge binding scaffolds (Figure 2.1).%® In addition, although
kinases are amongst some of the more highly studied drug targets, the family
contains 168 me mber s t hat fall wi t hin
underexplored and unannotated proteins, highlighting a need to discover tool
compounds for these targets.®® As PROTACSs tend to occupy chemical space
beyond orul e of 56 gui del i nes, it S
physicochemical property liabilities that could lead to poor solubility or
permeability. For this reason, we aimed to utilise a warhead scaffold with a low
molecular weight and low number of hydrogen bond donors and acceptors.
Having favourable physicochemical properties with the hit PROTACs would

yield better starting points for medicinal chemistry optimisation.
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Figure 2.1 Common hinge binding scaffolds from the crystal structure database at Pfhizer. Any of these
scaffolds could have been selected for our proof of concept screen and could give highly varied
degradation profiles.%
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The PROTACS in the screen were based on the 2-aminopyrimidine containing
compound BOS-172722, an MPS1 ligand developed in our group currently in
phase 1 clinical trials (Figure 2.2).19° This particular scaffold was selected as the
warhead, which early in its discovery demonstrated a range of off target activity
across the kinome.'%! In addition to promiscuity, the scaffold had favourable
physicochemical properties, including few hydrogen bond donors and a low PSA
which was appealing to facilitate better cell permeation of the final PROTAC
molecules. The scaffold had also been extensively explored in our group with
known structural information along with knowledge of the chemistry.
Hinge binding Maintain hinge

MPS1 L motif binding motif
selectivity 0

H
MPS1 Metabolic R group
potency  MPS1 stability variation can
potency be explored

Figure 2.2 Structure of BOS-172722 and how it was truncated to a core hinge binding unit. Truncation
should lead to a poorly selective kinase binder that will also not be significantly potent to any kinase. A
highly cooperative ternary complex should mitigate the lack of binary kinase affinity whilst increasing
selectivity.

Truncating BOS-172722 to the core pyridopyrimidine component will likely
result in weaker binding to kinases. However, we believe productive ternary
complex formation may still occur and achieving potent degradation will still be
possible. High levels of degradation with low affinity ligands has been seen
previously and can likely be attributed to a highly productive ternary complex
with potentially high levels of cooperativity.®>’® With a small warhead, weak
binding to a variety of kinases may be expected, but potent degradation would
be expected in only a subset of bound proteins after PROTAC conversion. A
selectivity gain is commonly seen with PROTACs and occurs due to the
stringent ternary complex requirements for productive degradation imposed by
the E3 ligase.”

Removal of the ethoxy functionality from the phenyl ring can recover the
absence of selectivity we required for this set of molecules, as this group is
essential for selective MPS1 binding. We also sought to remove the triazole
functionality and instead, use this position as a vector for linker attachment.
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BOS172722 contains a pyridyl-methyl substituent to confer metabolic stability,
a property we are not concerned with in this early stage PROTAC discovery
therefore, this was removed.'® Finally, we believed we could use different
amine substituents to replace the original neopentylamine, in order to explore
potential chemical space around the warhead. The groups we chose to explore

were varied sizes and included a dimethyl amine, azetidine and morpholine.
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Figure 2.3 Structure of the two sections of our library with alternate exit vectors towards the E3 ligase
binder. The pyrimidine linker library should bind kinases that have a similar solvent exposed channel to
MPS1 whilst the pyridine linked library may bind alternate kinases.

1 9 11 15
Molecular weight/gmol-! 689.72 759.81 750.85 770.88
tPSA 189.46 198.69 192.7 183.47
cLogD 3.6 4.1 2.6 5.1
HBD/HBA 3/14 3/15 3/15 3/14

Table 2.1 Predicted properties of 4 reprasentitive library compounds to be screened in proteomics (1, 9,
11, and 15), cLogD calculated in MOKA. Values highlight the favourable physicochemical space the library
of degraders occupy, being similar in cLogD and HBD count to small molecule drugs.

As the warhead scaffold is low molecular weight, has favourable
physicochemical properties (Table 2.1), and has the potential to bind outside
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the kinome therefore, it is important to explore multiple exit vectors that may be
solvent exposed in other target classes (Figure 2.3). An alternate linkage library
was also synthesised to expand the number of bound proteins potentially
targeted by the scaffold and maximise hits in the screen. This involved changing
the linker vector from the hinge binding position to the pyridine position (Figure
2.3). The change allowed us to explore SAR around the hinge binder, altering

both saturation and polarity of the R group.

Of the common sets of E3 ligase ligands, a CRBN binder was selected due to
their favourable physicochemical properties, often higher promiscuity,>"° and
chemical amenability (Figure 2.3). Utilisation of the CUL4CREN E3 ligase has
been hypothesised to be more promiscuous due to the increased flexibility of
the CUL4 scaffolding unit, leading to a more accommodating ternary complex
with a larger range of conformations that can be adopted over other E3 ligases.?
As we wanted to maximise the number of hit proteins, we chose to use a CRBN

binder.

Linker length and composition plays an important role in PROTAC design and
is likely to have a large effect on the degradation profile of the array of
degraders. We believe the use of 3 linker lengths differing by two CHz units will
maximise the number of hits through differential linker preferences of ternary
complexes (Figure 2.3). A triazole moiety will aid in the synthesis of these large
molecules through the use of highly robust Click chemistry, while not increasing

the number of hydrogen bond donors in the final PROTAC molecules.

If hit targets are identified using this library, each area of the PROTAC could be
optimised for increased potency, selectivity and improved physicochemical
properties. Due to the near-fragment sized warhead, potency could be gained
through increased binding affinity to the degraded target. Achieving this with the
pyridopyrimidine scaffold may be possible through exploration of substituents in
the synthetically tractable positions used for linker attachment. The linker unit is
often explored for optimisation and could be both rigidified and made basic to
improve both conformational rigidity and solubility. Finally, alternate positions of
attachment to the CRBN binder are available, in addition to using other more

potent binders could afford improved degradation.

2.2 Proteomics Screening
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To uncover the degradation profile of the library of compounds, we opted for a
global proteomics platform. Although pull down methods exist to increase the
number of kinases observed,?1%? we chose to run global proteomics in order to
observe any degradation of other families of proteins, including IMiD-based off
targets as degradation of neo-substrates can be maintained after PROTAC
conversion.? The use of Tandem Mass Tag (TMT) labels (Figure 2.4) in our
analysis allows for the multiplexing of samples, lowers the cost of machine
running, and facilitates direct quantitative comparison of compounds. The TMT
label contains 3 distinct parts, an amine reactive group, balance, and reporter.
Both the reporter and balance are differentially isotopically labelled in order to
identify samples in the mass spectrum. As an isotopic label is added to the
reporter region, an isotopic label is removed from the balance, overall affording
two different compounds with the same total molecular weight. Current
technology allows for 18 different labels. The TMT reagent can identify each
individual treatment condition in the mixed sample through the unique isotope
pattern of the reporter region.®* The balance portion of the reagent can also be
used as a validation tool in the mass spectrum analysis as this is also specifically

isotopically labelled like the reporter ion.

Amine reactive
group

Reporter

Balance
. 0] 0]
% = Heavy isotope )\\
| H H

Ay b S
(o]

N N/*\)Jm
e A

. . Different masses detected
Total molecular weight remains the same |:> .
upon fragmentation

0

P S NS N

U H H o

Isotope added

t t
0 reporter Isotope removed
from balance

Figure 2.4 Structure and example of how TMT labels work. TMT labels contain 3 distinct areas, the
reporter, balance, and amine reactive group. The amine reactive group reactive group covalently attaches
to peptides while both the balance and reporter regions are isotopically labelled (denoted by *). Overall,
the mass of labelled peptides remains constant and upon fragmentation the different reporter isotopes are
observed.
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Preparing the proteomics samples requires treatment of cells at a specific
concentration and time point. For our analysis we chose HCT116 cells as it is

we | | annotated i n PinddusespsoteomicsCthamuiB Aar y 6 s

concentration of 1 &M at a @Gehighestchareg oi n't

of discovering a degraded target with potentially poorly efficient PROTACS,
whilst avoiding the risk of identifying downstream target perturbations. Treated
cell pellets were digested and labelled with the 11 plex or 16 plex Tandem mass

tag reagents then combined (Figure 2.5).

DMSO @~9 OB

Isolate  [DMsO e~~d @@ DMSO @9 @A
ot o 00 i .
p;ottemtS_ Label e & Combine
ana tryptic -
= T . ﬁ
,Jg‘“.? digest ot o 00 ot o 00
@ —
"~
> ®
Y o
MS/MS
' ﬁ A 200 10¢
. B 200 47:1 600 800 I‘\\'.":\" ;21‘.‘.‘“‘4:\' " LU s
Mass trace of Fragmentation of Low mass region shows
— intact peptides peptide peak reporter ion /

Figure 2.5 Workflow of the proteomics screen, utilising multiplexed TMT labelling. Cells are treated with
degrader and cellular proteins are digested into peptides following TMT labelling. TMT labels are combined
and fractionated before running through a mass spectrometer. Individually treated samples can be
identified through the unique isotope from the TMT label.

Once the differentially labelled peptides are combined, these must go through a
HPLC purification process separating labelled peptides based on lipophilicity.
Multiple fractions containing a subset of the total peptides in the proteome are
afforded from this purification. If the original sample was passed through the
mass spectrometer only highly abundant proteins would be detected therefore,
separation allows for more peptides to be discovered. This process is called
fractionation and the more fractions that are taken the more of the proteome is
observed, leading to a deeper proteomic analysis. We chose to do a shallower
proteomic analysis due to the lowered machine time and cost, achieved through

combination of HPLC fractions.
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Figure 2.6 Example peptide and how the MS2 fragmentation pattern can identify the sequence. Example
peptide (containing amino acids LYMCE) will be fragmented at amide bonds and all potential mass ions
of the fragmented peptide will be seen. Through identification of B and Y ions and the difference between
subsequent B and Y ions, the peptide sequence can be identified.

Once intact peptide masses have been identified, further fragmentation occurs
breaking apart individual amide bonds allowing for the sequencing of each
amino acid through evaluation of the differences in ion peaks (Figure 2.6).
Conventionally, ions containing the N terminus are labelled as B ions and

containing the C terminus are Y ions.

We used both 11plex and 16 plex TMT labelling systems to screen the array of
degraders relative to a DMSO control. We also used dBET1 as a positive control
and observed the expected degradation of BRD2 and BRD4.%? Often proteomics
screening samples are run in triplicate, however, we believed we could do
duplicate experiments as the compounds
expect significant amounts of variation in degradation profiles. Duplicates have
also been shown to be satisfactory in prior proteomic screens.®® We intended to
validate any non-IMiD related hit proteins in an orthogonal assay so deemed it
acceptable to run the proteomics in duplicate only. Volcano plots shown are

from the combined results of both the 11plex and 16plex runs.

Two significant kinase hits were identified (-log10(p-value) >2, log2FC <-0.35)
from the proteomics screening of all 14 compounds, Aurora kinase A (AURKA)

and NEK®9. Independent SAR emerged for each kinase based on linker length
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requirements and were only degraded by the phenyl-linked library (1-9). NEK9
was only degraded by the n=3 linkers (2, 5, 8) with flat SAR observed between
amine substituents (Table 2.2). AURKA was degraded by two of the three longer
linker lengths (n=5) containing morpholine and dimethylamine substituents (3,
9, Table 2.2). The azetidine substituted compound, 6, showed no degradation
of AURKA. However, as the result was found to be non-significant, the
possibility that 6 does degrade Aurora A cannot be excluded, but would require
further validation. Unfortunately, the piperazine linked library (11-15) only
revealed 2 significant targets, both being zinc finger containing proteins ZBTB21
and ZFP91 (Figure 2.7). As ZFP91 depletion is commonly seen in degrader and
IMID treatments, we decided to focus our later validation efforts on AURKA and
NEK9.7° The SAR of ZFP91 degradation of all library compounds was difficult
to interpret from the proteomics, as in each case the degradation was close to
the cut off used (<-0.35) and would require validation using western blotting.
ZBTB21 is a Zinc finger and BTB containing protein and was degraded using
only 12.

ZBTB21 :
L I

N
1

ZFP91
.

..............................

-log10(p-value)
T

-15 -1.0 -0.5 0.0 0.5
log2FC

Figure 2.7 Volcano plotof 12af t er a 6 h tr eat me nt highlightinh the ddgrddationHCT 116 <cel | s
of only ZFP91 and ZBTB21, likely IMiD off-targets.

Despite the use of a heavily truncated warhead, surprisingly selective
degradation was observed with only loss of one protein seen for most
PROTACSs. With such a small warhead we believed more proteins could have
been degraded, but these results demonstrate how these may be excellent

starting points for medicinal chemistry optimisation.
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2.3 Library Synthesis

The route to make the pyridopyrimidine kinase ligand is well established in our
group and is amenable to modification on two areas of the ring (Scheme 2.1).194
The commercially available bromo-pyrimidine (16) is reacted with a vinyl boronic
ester under Suzuki conditions, forming the alkene 17. Amide formation with
ammonia followed by a cyclisation with catalytic acid gave rise to the pyridone
18. Chlorination with phosphorus oxychloride yielded the key intermediate 19,
which can react with various amines affording 20-22. To give the handle for
linker functionalisation, oxidation of the sulfides 20-22 was carried out using
OXONE, yielding the sulfones 23-25.
_ ) 0
YT T YL T YLy
Br 0

16 17 18

i) ) Vg’

) 0.2
— 5 SIS e S e SNy
N~ I I Na~ |

= Na ~ ~
19 20: R=Dimethyl 23: R=Dimethyl
21: R=Azetidine 24: R=Azetidine
22: R=morpholine 25: R=morpholine

Scheme 2.1 Route to make key warhead intermediates. Reagents and conditions: i) Pd(dppf)Clz, (E)-2-(2-
ethoxyvinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane, THF,ag2 MNaHCOs, 80 e C, 38 %.

in methanol,-T6@OHegCtotbhenep 80, e€) &C8%. 40 Wi )i POCami ne,

120 e-82%. vB@XONE, water, methanol, rt, 24-63%.
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26:n=1 29: n=1 32:n=1
27:n=3 30: n=3 33:n=3
28: n=5 31:n=5 34: n=5
H %
oy RS
N
5 Z o z
///\6')?0 = n ~ |
R N
35:n=1 38: n=1 R=Dimethyl
36: n=3 39: n=3 R=Dimethyl
37:n=5 40: n=5 R=Dimethyl

41: n=1 R= Azetidine
42: n=3 R=Azetidine
43: n=5 R= Azetidine
44: n=1 R= Morpholine
45: n=3 R= Morpholine
46: n=5 R= Morpholine

Scheme 2.2 Phenyl linked linker synthesis and attachment to the warhead. Reagents and conditions: i)
DIAD, PPhs, p-nitrophenol, THF, rt. ii) Iron, NHsCl, wat er, methanol , 80C d9%.
iv) NaH, THF, 23-25, 0 e60% 35

To synthesise the library a Click chemistry platform was utilised, requiring a
CRBN ligand functionalised with an azide and an alkyne handle on the warhead.
Different lengths of alkyne linkers were successfully synthesised with the correct
functionality to undergo the Click reaction (Scheme 2.2). To achieve this, the
alcohol starting materials 26-28 were treated with p-nitrophenol in a Mitsunobu
reaction to give the nitro compounds 29-31. Iron-based reduction of the nitro
groups in 29-31 resulted in the anilines 32-34, which were subsequently
formylated to yield 35-37. The penultimate step in the synthesis of the degraders
requires deprotonation of the formamide with sodium hydride in order to react
with the sulfones 23-25. This route gave all 9 alkynes (38-46) ready for a Click

reaction with an azide.
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HNI o N

HN
f 0 —\-N o n ~
N; N=N R7 N
49 50 1: n=1, R=Dimethyl
2: n=1, R=Azetidine
3: n=1, R=Morpholine
4: n=3, R=Dimethyl
5: n=3, R=Azetidine
6: n=3, R=Morpholine
7: n=5, R=Dimethyl
8: n=5, R=Azetidine
9: n=5, R=Morpholine

Scheme 2.3 Azide functionalised CRBN ligand synthesis and Click reaction. Reagents and conditions: i)
NaNs, DMS O, 80 eC i i,34% i),38-48,|s6dErA ascofb@te, @uSO4, THF, water, rt, 21-
44%

To synthesise the CRBN binder 50, sodium azide was reacted with the bromo-
amine 47 affording the azide 48 in situ. 48 was immediately reacted with the
fluoro compound 49 to afford the desired azide 50, ready to Click onto the alkyne
functionalised warheads (38-46) (Scheme 2.3). The Click reaction of the 9
alkynes (38-46) with 50 in the presence of sodium ascorbate and copper sulfate,

was successful and produced the first small library of 9 compounds 1-9.

iiii)
W n /\II\IBQC] /‘.(\/)’\ /ﬁNH
HCl
26:n=1 51:n=1 54: n=1 57:n=1
27:n=3 52:n=3 55:n=3 58: n=3
28:n=5 53:n=5 56: n=5 59: n=5

Scheme 2.4 Synthesis of piperazine-based linkers. Reagents and conditions: i) (COCIl)2, DMSO, NEts,
DCM, -7 8 e C. -butylipiperarireetl-tarboxylate, NaB(OAc)sH, DCM, rt. iii) 4 M HCI in dioxane, DCM,
rt, 37-72%,

To synthesise the alternate piperazine linked library, we set out to make the
piperazine-alkyne linkers required to utilise the validated click chemistry route
shown previously (Scheme 2.3). The first step of the synthesis is a Swern
oxidation on the same three alkyne starting materials previously used (26-28),
giving the required aldehyde functionality for a reductive amination with mono-
Boc protected piperazine (Scheme 2.4). Boc deprotection of 54-56 yields the
linkers (57-59) ready to be reacted with 19.
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Scheme 2.5 Synthesis of alkynes 66-67. Reagents and conditions: i) 57-59, DI PEA, NMP,

guantitative. ii) OXONE™, methanol, water. ii)4-a mi not et rahydropyran, -99%PEA,

Despite previous success reacting with the chloride 19 to append R groups and
oxidising the sulfide, inconsistencies were observed involving dealkylation of the
piperazine linkers (Figure 2.8). Initially we were successful in making three

sulfides 60-62 requiring oxidation and subsequent SnAr reaction (Scheme 2.5).

Ny

,SFN\ i) ’S\NWN“
~ Z ) X 2
N

N N
60 63
Qu?
S N
- WT K .
N >, N-dealkylation
- | observed by LCMS
NN
HN\)

Figure 2.8 Failed reaction of 60 where dealkylation of the piperazine was observed by LCMS. Reagents
and conditions: i) OXONE™, methanol, water.

Only two of the three THP containing alkynes (63-65) were synthesised due to
dealkylation of the n=1 piperazine 63 during the subsequent oxidation. The two
accessed alkynes were reacted under the same Click chemistry conditions as
previously used (Scheme 2.3), affording two of the desired piperazine linker
library (Scheme 2.7).
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Scheme 2.6 Synthesis of alkynes 70-72. reagents and conditions: i) OXONE™, methanol, water, 57% ii)
N-phenyl for mami de, NaH, THF, 0 ecC, g-658ntitative.

Upon repeating the chloro SnAr to access more starting material, dealkylation
was observed with all linker lengths (60-62). A change in synthetic route was
required in order to access more starting material and was achieved through
swapping the order of reactions. The sulfone oxidation and substitution were
performed prior to piperazine addition, affording a common intermediate to be
appended to varying linker lengths (69). Upon reaction with the piperazine linker
the alkynes (70-72) were subjected to Click conditions, affording the three
desired PROTACs (13-15). Unfortunately, this route cannot be used to
synthesise the remaining THP containing PROTAC 10 as amines reacts

preferentially on the chloro position of 19.

66: n=3, R=THP 11: n=3, R=THP
67: n=5, R=THP 12: n=5, R=THP
70: n=1, R=Pheny! 13: n=1, R=Phenyl
71: n=3, R= Phenyl 14: n=3, R= Phenyl
72: n=5, R= Phenyl 15: n=5, R= Phenyl

Scheme 2.7 Click reaction to form the 5 piperazine-linked library compounds. Reagents and conditions: i)
50, sodium ascorbate, CuSO4, THF, water, rt, 13-61%.

2.4 Conclusions and Future Work

To summarise, we truncated an existing kinase binding molecule to a core hinge
binding unit and modified it from two exit vectors with a linker. We also modified
the warhead with R groups to observe SAR based on scaffold changes. Overall,

we maintained favourable physicochemical properties through having an overall
40
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low molecular weight, in addition to a low hydrogen bond donor and acceptor
count. The use of a truncated warhead will likely bind to multiple kinases, and
through ternary complex constraints afford selective degraders. We chose to
hijack the CRBN E3 ligase, mainly due to its increased promiscuity when
compared with other E3 ligases. This would allow for a wider range of the bound
targets to be degraded, increasing the hit rate of the PROTACs. We also
explored multiple linker lengths to degrade a wider variety of targets while

containing a triazole moiety for synthetic tractability.

The 14 PROTACs were triaged through a proteomics screen identifying two
tractable kinase targets to validate in an orthogonal assay. The selectivity of the
degraders was striking considering the likely promiscuity of the warheads used,
and is likely a result of selective ternary complex formation. The piperazine
linked library (11-15) only afforded two hits (ZFP91 and ZBTB21), neither of
which will be followed up on as they are possibly IMIiD off targets. Flat SAR was
observed when altering the R group, however, only n=3 linkers (2, 5, 8)
degraded NEK9 and two of the three n=5 linkers (3, 6, 9) degraded AURKA.
The linker length is extremely important in forming productive ternary complexes

and is likely why such steep SAR is observed.

In contrast to Donovan et al who screened more structurally elaborated
promiscuous compounds, we have achieved selective degradation through the
use of small warheads with the ability to start medicinal chemistry optimisation
for improved potency.”® The selectivity achieved is likely due to our compounds
only having weak binding affinity to kinases and relying on productive ternary
complexes in order to degrade targets, highlighting the need to explore multiple

linker lengths.

The results highlight that near fragment sized warheads can confer observable
degradation in a proteomics screen and paves the way for fulfilling the promise
of targeting the undruggable proteome with PROTACSs. The hit compounds now
require validation, most common of methods being Western blotting. Although
other methods can determine degradation quantitatively, Western blotting
requires little optimisation. If confirmed, optimisation can be done on any part of
the hit compounds due to their simplicity. The use of more elaborated warheads

with increased binding affinity could increase binding potency and therefore
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improve degradation. Similarly, as there are several known binders of CRBN
with improved binding affinity, this could also be changed to improve the potency
of degradation. Finally, as we are using simple alkyl linkers, this area could be
rigidified and made basic, this may lock the PROTAC in its active conformation

while improving solubility.

42



Chapter 3: Validation and Optimisation of NEK9
PROTACs

3.1 NEK9 Introduction

NEK9i s a member of the 0dar kthiréof kinasestat,
are understudied and for which no selective tool compounds exist.1% Despite
the lack of selective chemical probes for NEK9, biological tools have elucidated
multiple disease-relevant roles that warrant further exploration. NEK9 is known
to be involved in the separation of centrosomes during mitosis. Upon activation
from both CDK1 and Plkl, NEK9 can phosphorylate NEK6/7. Eg5 is then
phosphorylated on two sites by NEK6/7 and CDK1, allowing a pool of protein to
accumulate around the centrosome, bind microtubules, and separate the
centrosomes (Figure 3.1).19 siRNA knockout studies also indicate NEK9 has a
role in the proliferation of multiple p53 mutant cell lines however, selective
chemical tools are not available to validate this.'%” Identification of a NEK9
degrader could validate these findings and indicate if NEK9 is a potential

therapeutic target.
Plk1 )

. cok1 ) (NEKe/7) ?
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\ {\ linker dissociation _ga. and seperation of
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Figure 3.1 NEK9 involvement in centrosomal separation. NEK9 and PLK1 activate NEK6 and NEK7
allowing for phosphorylation of EG5. EG5 then localises around the centrosomes and can bind
microtubules to separate them and allow mitosis to occur.

centrosomes
(M)

To date, the only known binders of NEK9 are compounds with off-target kinase

activity, no selective inhibitors exist. Recently a promiscuous degrader screen
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identified multiple non-selective degraders of NEK9 through the use of
promiscuous kinase inhibitor warheads, one of which was DB-0614 (Table
3.1).7® Upon further interrogation of DB-0614, including linker and E3 ligase
ligand changes, no improvement in the selectivity of degradation against the
initial 9 off target kinases was seen.®’ Selectivity optimisation may be a
challenge with PROTACs as many factors can affect if a protein will get
degraded. The use of a warhead with reduced binding affinity to kinases may
infer more selective degraders due to the increased importance of an efficient
and productive ternary complex as opposed to warhead affinity. DB-0614 has
excellent physicochemical properties considering its molecular weight and
indeed would be an excellent NEK9 degrader starting point for optimisation if
not for the poor selectivity (Table 3.1). Utilisation of a smaller sized warhead, as
in this report, could allow for optimisation of the warhead, an area often excluded
due to the use of larger, potent, and more selective inhibitors, introducing
another area to introduce selectivity of the PROTAC.

0 0
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%
DB-0614
Molecular weight/gmolt | 822.96
tPSA 183.24 A?
cLogD 3.6
HBD/HBA 3/13

Table 3.1 Structure and calculated properties for DB-0614. tPSA, and cLogD were calculated using MOKA,
showing the favourable chemical space this PROTAC occupies, likely due to the pKa of the sulfonamide
and piperazine.1%

3.2 NEK9 Hit Validation

To uncover any SAR in our library and validate the accuracy of the proteomics
Western blotting was used to determine NEK9 protein levels upon compound
treatment. The library compounds (1-9) were treated under identical conditions
as the proteomics (HCT116 ti@eneof NEX9 wa6
observed for PROTACSs containing the n=3 linker length (2, 5, 8, Figure 3.2 A)
confirming the screening result. Figure 3.2 A showed linker lengths of n=1 (1, 4,
7) and 5 (3, 6, 9) do not degrade NEK?9, as expected, validating the initial SAR
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from proteomics. Despite the differently sized R groups used, it had no impact
on degradation selectivity, suggesting there may be room to optimise the
warhead from this synthetically amenable position. Moving forward, the
morpholine n=3 compound (8) was selected for further studies as we had the

largest amount of this compound.

Maximal PROTAC mediated degradation (Dmax) is time dependant and it is
therefore important to test degraders at multiple time points. Our results show
improved degradation upon longer treatments, with recovery of degradation
after 72 h (Figure 3.2 B). In order to validate the mechanism of action of the
PROTACSs, a methylated control (73) was synthesised in order to abrogate the
key glutarimide N-H interaction with CRBN.'® As expected, the methylated
negative control compound showed no degradation of NEK9 (Figure 3.2 C)
leading us to believe the mechanism is CRBN mediated. Methylation of the IMiD
has the potential to change the physicochemical properties of the molecules due
to the loss in a hydrogen bond donor. A HPLC solubility assay was completed
(performed by ,3shavang poOr&sdiubiity far the degrader 8 (1.8
eM) with no sobskreed forlthe mgthylated icamtgol 73, potentially

explaining why no degradation was seen with 73.
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Figure 3.2 A) Structure of screened compounds (1-9) and the selectivity of NEK9 degradation after a 6 h
treat ment i n HCT 1Seléctivityenad consiatént with peotdomics and NEK9 was only
degraded with the n=3 compounds. B) Time course experiment with 1 uM of 8 in HCT116 cells. Time
dependance was observed with an improved Dmax at longer time points. C) Dose response of 8 and
negative CRBN binding control 73 after a 6 h treatment in HCT116 cells. Degradation seems to be in the
|l ow ¢M range and dependant on binding to CRBN.

To further probe the mechanism of action of these degraders we preincubated
cells before treatment with inhibitors of the proteasome (MG132, bortezomib),
NEDDS8 activating enzyme (MLN4924), the E1 inhibitor MLN7243, and the
respective warheads of both ends of the PROTAC (pomalidomide and a
reported NEK9 binder CYC-116), all of which should rescue degradation of a
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PROTAC mediated process (Figure 3.3 A). Interestingly, the neddylation
inhibitor MLN4924 and pomalidomide did not rescue degradation (Figure 3.3
B). Neddylation is a process which activates cullin-based E3 ligases of which
CRBN is a member,® indicating a lack of CRBN dependence. This is a direct
contradiction to the loss of degradation seen with 73 (Figure 3.2 D) and requires
further interrogation to determine the degradation mechanism. The lack of
rescue with pomalidomide is also peculiar, given the degradation can be

rescued with 73.

8 is therefore a validated degrader of NEK9 however, the mechanism of
degradation is not through the canonical PROTAC mediated process. As the
process is still proteasomal, ubiquitination is likely to be occurring and therefore
requires further interrogation to determine how this is possible. Further to this,
identification of SAR of the mechanism could give insight into the mode of action

of the degraders and improve degradation of an underexplored kinase.
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Figure 3.3 A) Structure of compounds used to out compete degradation of NEK9. Bortezomib and MG132
are proteasome inhibitors, pomalidomide binds to CRBN, MLN4924 inhibits neddylation, CYC-116
inhibits NEK9 (unselectively) and MLN7243 inhibits E1 ubiquitin transfer. B) NEK9 degradation rescue
experiment with 10 e M ®affter a 6 h treatment in HCT116 cells. Rescue was seen with both proteasome
inhibitors, E1 inhibition and NEK9 inhibition. No rescue was seen with neddylation inhibition and CRBN
inhibition.

3.3 NEK9 SAR Exploration

3.3.1 Linker Modifications

Initial PROTAC linker design commonly relies on a trial and error approach,
whereby a variety of flexible linker lengths are synthesised and tested without
structural information as guidance.*'® Our proteomics screening approach aims
to yield degraders with an appropriate linker length for specific ternary
complexes, thereby bypassing the trial and error stage of degrader
development, allowing for immediate optimisation of linker composition for the
hit protein. Linker length initially plays a key role in the development of
degraders due to its impact on ternary complex formation, selectivity, and
degradation potency and, when optimised, can actually form interactions within
the ternary complex pocket.58111 A |oss in degrader potency could result from
linker lengths too long, causing steric clashes within the ternary complex, or too
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short, where both binding sites of the ternary complex cannot be engaged
simultaneously (Figure 3.4). Additionally, the linker must tolerate the productive
conformation of degradation, potentially requiring longer linker lengths than
expected (Figure 3.4).1*2 Linker length preference is dependent on each
member of the ternary complex, therefore, a direct swap of the recruited E3

ligase for a particular target would require further linker optimisation.

D DD

Linker too small Ideal linker length Linker too large

Lys
4 Lys
Unproductive ternary Productive ternary
complex complex

Figure 3.4 Representation of linker length effects on ternary complex formation. Linkers are required to be
long enough to engage both targets whilst being short enough to not disrupt ternary complex formation.
Longer linker lengths may be required to facilitate the productive ternary complex formation.

Before probing the lack of neddylation dependence further, we intended to see
if the linker length was ideal for NEK9 degradation. In order to have a larger
variety of linker lengths tested in proteomics, we did not initially test the
intermediate linker lengths n=2 and 4. The corresponding morpholine analogues
were synthesised in the same manner as the screened library (1-9) and tested
in Western blotting (74, 75). A preference for 8 was seen containing the
originally tested n=3 linker length from the proteomics screen (Figure 3.5). The
n=2 linker length (74) showed slight degradation however, no loss in NEK9
levels was seen with treatment of the n=4 linker length (75). The steep linker
length SAR observed highlights the advantage of a proteomics screening
approach as little to no trial and error is now required for ideal linker length

determination.
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Figure 3.5 Dose response of n=2, 3, and 4 linker lengths after a 6 h treatment in HCT116 cells. the
screening hit 8 degrades NEK9 with an improved Dmax relative to the n=2 and 4 linker lengths.

Adding rigid groups in the linker region of a PROTAC can have a large impact
on potency and physicochemical properties, through both the addition of basic
centres,''3 and reduction in conformational flexibility, potentially fixing the
PROTAC in an active conformation.''* The linkers in the screened library
contain a rigid triazole moiety, however, we do not know if the current position
along the alkyl chain is ideal for degradation potency. To determine if other
triazole positions are tolerated, or provide improved degradation, we
synthesised derivatives with the same total linker length whilst moving the
triazole down the alkyl chain (76-78, Figure 3.6). A preference for the original
linker composition (8) was seen with no degradation for any of the synthesised
analogues. The drop off in potency may be explained through a preference of
conformational restriction on the linker close to the IMID region of the degrader,
or a lost hydrogen bond within the ternary complex pocket when moving the

triazole.

Despite multiple linker changes, 8 remained the compound with the best,
although modest, degradation. Little linker change toleration was seen, and only
the n=2 linker length (74) showed some degradation. This is unusual as
PROTACS tend to have a larger tolerance for linker changes. The linker of 8 will
be maintained through further SAR exploration to identify what structural

changes to the warhead can be tolerated.
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