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Abstract

The recent identification of the first non-covalent KRAS®2P inhibitor exhibiting
nanomolar potency constitutes a significant paradigm shift in the therapeutic targeting
of KRAS, a protein historically regarded as undruggable. This breakthrough was
exemplified by MRTX-1133, a compound operating within the chemical space
associated with protein-protein interaction inhibitors (PPIIs). The present thesis is
centred on the systematic exploration of this PPII chemical space with the objective of
discovering novel scaffolds capable of inhibiting KRAS.

The first project within this thesis was directed towards the expansion of a project
compound library with KRAS-targeting molecules. Sixteen analogues based on two
scaffold classes, i.e. biazoles and zafirlukast, were synthesised and evaluated for their
ability to inhibit KRAS activity. Several derivatives demonstrated inhibition of SOS-
mediated nucleotide exchange on KRAS®?P  with half-maximal inhibitory
concentrations (ICso) in the low micromolar range. These compounds also elicited a
reduction in cell viability in KRAS-mutant cancer cell lines. Structure-activity
relationship (SAR) analysis revealed a positive correlation between the presence of

carboxylic acid bioisosteres and the inhibition of nucleotide exchange.

Molecular docking studies provided insights into the potential binding site and
mechanism of action of the biazole derivatives. In contrast, docking and biochemical
assay data for zafirlukast analogues did not yield similarly conclusive results. Despite
these limitations, this project successfully enriched the project library with valuable
SAR data pertaining to KRAS-targeted PPIIs.

The second project leveraged both the SAR data from the project library and curated
data from the ChEMBL database to construct a quantitative structure-activity
relationship (QSAR) model of high predictive accuracy. Advanced machine learning
methodologies, including nested cross-validation and mutual information-based

feature selection, were employed to optimise model performance.

This model was subsequently applied to predict ICso values for over seven million
compounds sourced from ten structurally diverse or PPIlI-focused virtual libraries.

Additionally, two comprehensive in silico libraries comprising (click) cyclic tetrapeptides



(cyctetpep) built from the twenty canonical amino acids were generated. Eleven
scaffolds emerged as top candidates from the QSAR screening, with cyctetpep
distinguished by their privileged three-dimensional shape, modular synthesis, and
promising predicted inhibitory potency.

A robust synthetic route to access click-cyclised tetrapeptides was developed,
culminating in the successful synthesis of three candidate derivatives. However,
biochemical assays revealed an absence of meaningful KRAS inhibition, likely

attributable to the limited solubility of the synthesised click cyctetpep.

Despite this outcome, the advantageous shape and modular synthesis of click
cyctetpep suggest they remain attractive candidates for further optimisation. The
iterative refinement of this KRAS PPIl screening protocol through successive
prediction-synthesis-evaluation cycles offers a promising strategy for the efficient
discovery of potent KRAS inhibitors.
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1 Bi azol e andSA®Rf I rl ukast

1. 1ntroducti on

The small guanine nucleotide-binding protein KRAS was initially identified in the
Kirsten rat sarcoma virus. It is now recognised as a central component of the signal
transduction machinery in human cells. Approximately 14% of all cancers carry KRAS
mutations, corresponding to an estimated 2.6 million new cases of KRAS mutant
cancers globally each year. The development of the first clinically approved KRAS
inhibitor, sotorasib (1), by the United States Food and Drug Administration (FDA) in
2018 marked the culmination of over five

discovery in 1967 (Figure 1).
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Figure 1: Four KRAS protein-protein interaction inhibitors. Only sotorasib and adagrasib have so far
been approved by the FDA. MRTX-1133 and LUNA18 are currently in clinical trials.

Since the approval of sotorasib, numerous KRAS inhibitors have progressed into
clinical trials, including MRTX-1133 (2) and LUNA18 (3). However, only one additional
inhibitor, adagrasib (4), has received market authorisation to date. The demand for

novel KRAS-targeting scaffolds therefore remains substantial.?



This introduction is structured to address the broad and complex subject of KRAS by
dividing it into four key sections. First, KRAS will be contextualised within the
framework of protein-protein interactions (PPIs). This will be followed by a description
of its molecular structure and a mechanistic account of its role in cellular signalling
pathways. Lastly, the structural characteristics and modes of action of KRAS-directed
protein-protein interaction inhibitors (PPIIs) will be outlined. From this foundation, the
necessity of developing further potent KRAS PPIlls and more effective screening
pipelines for such scaffolds will emerge as a logical conclusion.

1. 1KRASAPPI Chall enge

In recent decades, considerable efforts have been dedicated to sequencing the human
genome. Approximately 19,370 protein-coding genes have been identified to date. Of
these, around 18,000 (~90%) of these are predicted to encode functional proteins

(Figure 2, blue/green).®

Human
Genome
0% 20% 40% 60% 80% 100%
m Undruggable Funct. Proteins Druggable Funct. Proteins Non-Functional Proteins

Figure 2: Percentages of the human genome currently termed (un)druggable and (non-)functional.

At present, only approximately 3,000 (~17%) of these proteins are estimated to be
druggable, typically including classes such as enzymes. (Figure 2, green).® Proteins
for which orthosteric inhibition has proven unsuccessful, such as KRAS, are frequently
referred to as undruggable (blue). Nevertheless, recent advances have enabled the
allosteric inhibition of KRAS, reclassifying it as a druggable and functional protein (blue
to green). The following concepts are essential for understanding the challenges
associated with this achievement. While the discussion is centred on KRAS, the

principles are broadly applicable to the discovery PPlIs.



The first essential step is the elucidation
of possible PPIs involving KRAS is still being mapped, although a substantial number

of interaction partners have already been identified.# 7 In parallel, hot spot amino acids

at PPI interfaces, as well as potential allosteric sites, must be characterised. One

approach entails the systematic mutation of individual residues followed by
measurement of changes in PPl binding free energy. Although the experimental

burden is considerable, the insights gained are of high value. The resulting spatial map

of interaction interfaces and allosteric sites constitutes a critical resource for PPII
discovery. Only recently has such an allosteric atlas been reported for KRAS

(Figure 16).8°

Second, proteins exhibit inherent conformational flexibility, contrary to the static
representations implied by crystal structures. For KRASC™ alone, two distinct
conformations have been identified.’® When complexed with various PPI partners, a

broad spectrum of conformational states can arise (Figure 3, green/blue).

Population

Free Energy

Figure 3: Schematic free energy and population distributions of a protein-protein complex ensemble.
Proteins (blue and green) with PPIl (magenta). Modified from KEskIN et al.®

Protein-protein interaction inhibitors (magenta) are employed to modulate the
conformational distribution of such protein-protein complexes. Unlike orthosteric
enzyme inhibitors, which typically target a single active site, PPlls must contend with
numerous potential allosteric binding sites, significantly increasing the complexity of
the task.® Upon binding, PPlIs induce a shift in the conformational ensemble of the
target complex. Notably, the conformation stabilised by a given PPIl may be only
marginally populated, or even virtually absent, in the unbound state.® In this manner,

ligand binding can effectively give rise to otherwise absent binding pockets.1!



Accounting for this dynamic behaviour has proven particularly useful in the context of
KRAS-targeted PPII discovery. FENG et al. employed molecular dynamics simulations
(MDS) to evaluate the persistence of pocket three in KRAS®'?P in solution over a
200 ns timescale (Figure 16). The insights obtained enabled the rational design of a
PPIl with micromolar affinity for KRASG'?P 12 Despite such progress, efficiently
modulating the conformational equilibrium of specific pathogenic mutants remains a

major obstacle in PPII discovery.

Third, PPIlIs generally exhibit structural characteristics that distinguish them from
orthosteric inhibitors. While the latter typically bind within well-defined, deep active site

pockets, PPIIs often interact with broad and shallow surface regions on target
proteins.’® As a result, PPIIs tend to display increased molecular weight (MW), greater
topological polar surface area, and a more pronounced T-shaped geometry.}* In
analogy to Lipinskiés Rule of Five (RO5), a
proposed for effective PPIIs, referred to as the Rule of Four (RO4) (Table 1).1° In order

to facilitate the exploration of this distinct chemical space, dedicated screening libraries

have been developed.6'2°

MW [Da] LogP HBA HBD Ring count
RO5 0500 05 010 05 -
RO4 > 400 >4 >4 - >4

Table 1: Overview of the RO5 and RO4.1521

Macrocyclic scaffolds, i.e. cyclic peptides, have emerged as particularly promising
scaffolds for the development of PPIls.?2 Among these, the KRASCG12C/DV pp|| LUNA18
with nanomolar activity has entered clinical evaluation (Figure 1, compound 3).23
Notably, LUNA18 demonstrates unusually high oral bioavailability for a macrocyclic
compound. Typically, macrocyclic inhibitors exhibit limited bioavailability and cellular
permeability due to their large size (MW > 500 Da).?? Current research efforts seek to
overcome these limitations through the design and synthesis of smaller, strained
macrocycles such as cyclic tetrapeptides.?* In the second project of this thesis, a
modular synthesis route towards a series of click-cyclised tetrapeptides was

successfully established.



1. 1PRi m&tyucture of RAS

Binary molecular switches are an integral part of the biochemical self-regulation of

cells. The RAS superfamily of GTPases is a prime example of such binary molecular

switches. | n t h estate théyoanedbound to guanosine-5'-triphosphate (GTP)

(RASCT™) and interact with proteins involved in cellular self-regulation. Ras proteins

switch o6o0ffd by GBDFy @RASSI)Y sThenrggionsS Tesphonsile for the

RAS GTPase activity are highly conserved among the RAS superfamily (Figure 4).
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Figure 4: Domains of the primary structure of RAS GTPases. They consist of a G domain (5-166,
green) and a hyper variable region (HVR, 167-188/189, orange). The former contains G motifs (blue)
and a core effector domain (32-40, magenta). Modified from WENNERBERG, ROSSMAN and DER.26

Figure 4 depicts a schematic representation of the average primary structure of the
RAS superfamily, comprising the RAS, RHO, RAB, RAN and ARF subfamilies. The G
domain (Figure 4, green) contains highly conserved G motifs (blue), while less
conserved AAs are marked as &6 The G motifs are responsible for binding of
GDP/GTP and Mg?* as well as for catalysing GTP hydrolysis. The switch regions and
the P-loop lack a fixed secondary structure and undergo substantial conformational
changes depending on the bound nucleotide and PPIs. Only RASCT interacts with
effector proteins via the switch regions, thereby initiating downstream signalling. The
core effector domain (magenta) contains some of the crucial AAs for this interaction.
Binding to the plasma membrane is also critical for the RAS life cycle. The less
conserved hyper variable region (HVR, 167-188/189, orange) serves as a membrane

anchor following posttranslational farnesylation and/or palmitoylation.?5 28

The RAS subfamily consists of three isoforms primarily found in mammals, i.e. KRAS,
NRAS and HRAS. Two different splice variants exist of KRAS, i.e. KRAS4A and
KRAS4B. These splice variants differ in the final 15 residues of the G domain and the

HVR, but both variants have been implicated in various cancers.



KRASA4B, in particular, displays higher expression levels in humans and has thus
become the primary focus of KRAS-related research in recent decades.?® This thesis
focuses on the development of PPIIs for KRAS4B. Henceforth, KRAS will be used
synonymously with KRAS4B.

1.1S8condary and Tewofi &AY Structure

The secondary structure of KRAS comprises five U helices and six b sheets. The
positions of the secondary structural elements along the AA sequence of KRAS are

depicted in Figure 5.

-B1—+ a1l ——p2-B3—+0a2-4—- a3 —B5— 04 p6— a5
0 20 40 60 80 100 120 140 160 180

Figure 5: Secondary structure elements of KRAS along its primary structure. The red stars mark
Gly12, Gly13 and GIn61. Modified from NussiNOV, TsAl and JANG.3C

The U helices are composed of the following AAs: 161 25, 66i 74, 87i 104, 127i 137,
1551 166. The b sheets are formed by the AA sequences: 2i 9, 381 47, 491 57, 771 83,
1101 116, 1407 144. Disordered regions, represented by black lines, include the switch
regions and the P-loop, as shown in Figure 4.The red stars in Figure 5 highlight Gly12,
Gly13 (P-loop) and GIn61 (switch 1), which are frequently mutated in RAS-driven

cancers.®° The corresponding tertiary structure of KRAS is depicted in Figure 6.

Figure 6: Crystal structure of KRAS4BWT. PP (PDB ID: 40BE, left) with schematic representation of its
tertiary structure (right). Reprinted from PANTSAR.%8



The cofactor Mg?* is essential for the GTPase activity of RAS. It plays a dual role:
firstly, it is crucial for nucleotide binding, where a network of electrostatic interactions
exists between Mg?*, GDP/GTP, and RAS.3! HALL and SELF observed a 10-fold
increase in exchange rate for GDP in NRAS®PP upon the addition of ethylenediamine-
tetraacetate (EDTA), which complexes Mg?* and destabilises the RAS-nucleotide
complex.®? Secondly, Mg?* is involved in catalysing GTP hydrolysis by stabilising the
negative partial charges generated during nucleophilic attack by water on the
o9-phosphate of GTP. GTP hydrolysis is particularly influenced by switch Il and the
P-loop of RAS.33 Mutations at Gly12, Gly13, and GIn61 impair the ability of RAS to
hydrolyse GTP to GDP, leading to the persistent activation of RASC™. In this active
state, effector proteins can bind to switch I, resulting in uncontrolled cell proliferation,

differentiation, and migration, which underlie the pathogenesis of various cancers.®*

1. 1KRAS in Cancer

The three RAS isoforms HRAS, NRAS and KRAS dominate the literature about RAS-
driven cancers.34'36 According to estimates from the year 2020, approximately 19% of
cancer patients harbour a mutation in one of these three RAS isoforms with KRAS
being most frequently mutated (75%), followed by NRAS (17%) and HRAS (7%). The

distribution of these mutations is shown in Figure 7.3’

KRAS NRAS HRAS

2% \2% 4%

Y

® G12 ® G13 ® Q61 ( Other

13%

-

Figure 7: Portions of RAS mutants in human cancers in COSMIC database. Modified from PRIOR,
HoobD and HARTLEY.?"

About 70% of RAS-mutated cancers feature one of five mutations, i.e. G12D, G12V,
G12C, G13D and Q61R. Each mutation, depending on the isoform, results in slight
variations in GTPase activity and PPI affinity.3”38 This thesis focusses on KRASCG12P/V,



In contrast to KRAS®12C, KRASC12PNV mutants are more evenly distributed across colon,
lung, bone marrow and pancreas tissues.?® KRASC1?2PV mutations lead to reduced
intrinsic GTPase activity and decreased GAP affinity. A detailed comparison of the
differences in effector interaction between KRAS®2PV and KRASWT extends beyond

the scope of this introduction.4°

1. 1RBS Cascade

The interactome of KRAS is an extremely complex and intricate network of interacting
biomolecules, which remains far from being elucidated entirely.>” Nevertheless,
researchers in the drug development field require a foundational understanding of the
RAS cascade. One of the commonly encountered schematic depictions of the RAS

cascade is shown in Figure 8.
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Figure 8: Schematic overview of the oncogenic RAS signalling cascade. Magenta: KRAS, green:
nucleotide, yellow: phosphate, orange: GEFs and GAPs, blue: effector proteins, grey: cell membrane
and nucleus. Modified from NussiNOv and JANG, as well as HUANG et al.3441



Numerous comprehensive reviews have been published on the RAS cascade.3441743
In this context, particular attention is given to the three best-characterised downstream
pathways: phosphoinositide 3-kinase (PI3K), mitogen-activated protein kinase
(MAPK), and RAS-like GTPase (RAL). Additionally, the RAS-SOS interaction is of
particular relevance to this thesis, as it constitutes the central focus of the drug

development efforts described herein.

1. 1S®S Acti vates RAS

The RAS signalling cascade commences at the membrane, where RAS is localised
through its HVR (Figure 4 and Figure 6). The HVR consists of ~20 AAs and at least
one farnesyl residue covalently linked through a thioester bond to the Cys closest to
the C-terminus, serving as a membrane anchor. Depending on the specific RAS
isoform, additional lipid modifications may occur, such as palmitoylation, farnesylation,
or geranylation.®® This membrane anchoring results in a high local concentration of

RAS, thereby promoting dimerization and oligomerisation of RAS proteins (Figure 9).#*

Y RASGDP
® RASGTP

Figure 9: Spatial organisation of RAS on the plasma membrane. About 56% of RAS proteins exist as
monomers. The diameter of RAS nanoclusters is about 18 nm. Modified from ZHou et al.*

Approximately 56% of membrane-bound RAS proteins exist as monomers, while the
remaining ~44% are organised into GDP/GTP-loaded oligomeric assemblies
(blue/red), typically forming either dimers or nanoclusters comprising five to six RAS
molecules. The RAS®™ oligomers serve as key intermediates in signal transduction,
rendering the abundance of such clusters on the plasma membrane a critical

determinant of signalling intensity.*4

For RAS to participate in downstream signalling, it must adopt the active, GTP-bound

conformation. This activation is mediated by guanine nucleotide exchange factors



(GEFs), such as Son of Sevenless (SOS). Two orthologues, SOS1 and SOS2, have
been identified, with SOS1 exhibiting greater physiological and pathological relevance
and henceforth being referred to as SOS.*°> SOS is recruited to the plasma membrane
via interaction with the epidermal growth factor receptor (EGFR), facilitated by adaptor
proteins such as Grb2, which serve as molecular linkers between EGFR and SOS
(Figure 8).% This recruitment increases the local concentration of both RAS and SOS,
leading to an estimated 1,000-fold enhancement in their association rate relative to
that observed in the cytosol.#” Upon formation of the RAS:SOS complex, SOS induces
opening of the nucleotide-binding cleft of RAS. This is achieved through insertion of a
helical hairpin (UH) of SOS, which disrupts
stabilising GDP and Mg?* within the RAS active site (Figure 10).4®

Figure 10: A) HRASCTP with Mg?+ as magenta sphere and nucleotide binding pocket coloured in red.
B) HRAS¢a:SOS complex with former binding site coloured in red. C) Interaction network in HRASCTP,
D) Interaction network in HRAS:SOS complex. Modified from BORIACK-SJODIN et al.*8

10



Figure 10 shows a comparison between HRAS®™ (A) and HRAS® complexed at the
catalytic site of SOS (B). GTP and Mg?* are shown as green sticks and a magenta
sphere, respectively. The nucleotide binding site is highlighted in red to allow visual
comparison.*® Not shown in B and D is the second HRAS protein bound to the allosteric
site of SOS. The allosteric RAS?"° js essential for the catalytic function of SOS. Recent
findings from our research group suggest that the GEF activity of SOS can be inhibited
by binding of betulinic acid monophthalates at the KRAS21°:SOS interface.*® The lower
half of Figure 10 illustrates the changes in the HRAS interaction network upon SOS

binding. Switch | is displ aced -bmgingtldt,Thewhi c h

t wo AAs Glu942 and Leu938 of UH occupy

U-phosphate and Mg?*, respectively. The backbone of switch Il also undergoes
significant conformational rearrangement. As a result, Glu62 coordinates with Gly60
and Lys16 on HRAS, two AAs that normally form key interactions with the nucleotide
in HRASC™ In the HRAS®:SOS complex, the interaction network involving GTP/Mg?*
and the switch regions is disrupted.*® This accelerates the GDP release by a factor of
10°.50 The drastic rate enhancement results from the immense affinity of RAS for
GDP/GTP in the absence of GEFs. For HRASWT at 4°C in the presence of Mg?*, the
dissociation constant (Kp) of and GDP/GTP was reported as ~10'' M.5! For
comparison, one of the strongest, non-covalent interactions between streptavidin and
biotin exhibits a Kp of 4x10** M at pH 7 and 25°C.5? Only three orders of magnitude
separate these affinities. Following release of GDP and Mg?*, a GTP:Mg?* complex
binds to HRAS®:SOS.%3 The bias towards GTP-arises from the cytosolic GTP/GDP
ratio of approximately 10.5* Upon complete exchange, active RASC™P is released from
SOS. The pivotal role of SOS in RAS activation has made the RAS:SOS PPI a prime

target in cancer research.55"¢0

1. 1GAPs Deactivate RAS

The counterpart to GEFs are GTPase activating proteins (GAPS), such as GAP-334.
While GEFs promote the formation of RAS®™P, GAPs catalyse the hydrolysis of RASC™
to RASCPP 61 Notably, RAS GTPases are capable of slowly hydrolysing GTP in the
absence of a GAP. JoHN et al. reported the intrinsic HRASC™ hydrolysis rate at 37°C
as 0.028 min.52 In the presence of a GAP at 25°C, this rate increases up to 19 s by
a factor of 10°.%3 This considerable rate enhancement results from the introduction of

an Arg residue into the nucleotide binding cleft (Figure 11).5%
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Figure 11: Structural basis for the GTPase rate enhancement in RAS:GAP complexes.

Left: Schematic diagram of GAP action. Modified from Bos, REHMANN and WITTINGHOFER.6!
Right: Crystal structure of the active site in HRASSPP. AF3: GAP-334 complex.33 Colours: HRAS (cyan
cartoon), GAP-334 (salmon cartoon), H20 (red sphere), AlF3/2-phosphate (grey and cyan spheres),

Mg?* (magenta sphere), guanosine (green sticks), phosphates (red and orange sticks).

ScHEFFZEK et al. crystallised HRASC®PP with GAP-334 and AlFs (Figure 11, right).33 The
aluminium fluoride is positioned roughly where the 2-phosphate would be in HRASC™
(left). AlFs adopts a trigonal bipyramidal geometry with the terminal GDP oxygen and
a H20 oxygen, which occupies the same position as observed in the crystal structure
of HRASGPPNP 64 Therein, 5'-guanylyl imidodiphosphate (GPPNP) is a non-hydro-
lysable GTP analogue. Viewed as one molecule, GDP and AlFs serve as a transition
state mimic of the GAP-induced GTP hydrolysis (left). The nucleophilic H20 is held in
place and activated for substitution by GIn61. This interaction is believed to be the
structural basis for the oncogenicity of RAS?6! mutations. GIn61 in RAS is fixed by an
H-bond to Arg789 in GAP-334, which neutralises the partial negative charges that
develop during nucleophilic attack of H20 on the 2-phosphate.33 Molecular dynamics
simulations confirmed the aforementioned role of GIn61 and further demonstrated that
common mutations at Glyl2 and Glyl13 in RAS impair the correct positioning of both
GIn61 and Arg789.%° Almost all RAS-driven cancers harbour mutations at positions 12,
13, or 61. The resulting reduction in both intrinsic and GAP-induced GTPase activity
renders these RAS mutants constitutively active.®’
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1. 1A8ti vVefTRRABds to Downstream Effectors

As long as RASC®™ is not hydrolysed to RASC®PP, it engages specific signalling proteins,
so-called effectors. Such effector proteins are involved in a multitude of biochemical
processes, including cell proliferation, differentiation and survival. Over 50 potential
RAS effectors have been identified. Among the best understood protein families are
the rapidly accelerated fibrosarcoma kinase (RAF), PI3K and RAL. Generally, effectors
bind to RAS through RAS binding domains (RBDs) (Figure 12).%% In 2023, Junk and
KIEL have analysed the RBD:RAS binding interface in 54 crystal structures. They found
that the RBD:RAS binding mode is highly conserved. The interfaces consist of the two
switch regions (Figure 12, top right oval) and the b-sheets b2 on RAS and b2 on the
RBD (left oval). Crucial AAs for binding include on RAS lle36, Asp38 and Tyr40 (bottom
right oval).%” Nonetheless, the RAS-effector interaction is influenced not solely by
RAS:RBD binding. Other interfaces, membrane association and clustering play an

important part as well.#7:66

Figure 12: Highly conserved features of RBD:RAS interface (orange and grey, respectively) in
54 crystal structures. Reprinted from JUNK and KIEL.57
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1.1 MABAPK Pat hway

Dimers of active RASC®™ are the starting point of the MAPK signalling pathway.
Dimerization and nanoclustering occur at the membrane (Figure 9). RAS®™ dimers
bind two RAF kinase proteins through their RAS binding domain (RBD) and cysteine-
rich domain (CRD).®® ARAF, BRAF and CRAF make up the RAF protein family.42
Figure 13 shows BRAF in complex with a KRAS®™ dimer.

W PS-Enriched
®rs ®:s 905 @, Membrane Plane

KRAS- KRAS-

& oy ¢ v
A' GTPa‘ £y GTP 26
BRAF-KD \; i BRSNS ;V'q, _. BRAF-KD

v “§ RV . BRAF-RBD

BRAF-(14-3-3), BRAF-(14-3-3),

3 KRAS-GTP - BRAF-RBD
* ® 1433 Interface

Figure 13: Left: NMR-derived KRASCGTP dimer on PS enriched membrane superimposed with
KRAS:BRAF-14-3-3 complex and RBD and CRD of BRAF. Right: Schematic view of the complex.
Modified from LEE.5°

LEE has recently studied the structural basis of the KRAS®™P:BRAF complexation
mechanism. In NMR studies he identified KRAS®™ dimers on anionic membranes
containing phosphatidyl serine lipids. KRAS®™ was observed to dimerize through its
Uinterface, consisting of the U4 and U5 helices (Figure 6). This allows binding of two
BRAF proteins through their RBD and CRD, leading to their dimerization.®® Only in
such a dimerized state RAF can phosphorylate its downstream signalling partners, the
mitogen activated protein kinase kinases MEK1 and MEK2, which phosphorylate the
extracellular signal-regulated kinases ERK1 and ERK2.5870 |n the context of KRAS
PPIlI development, ERK1/2 phosphorylation levels serve as a readout for MAPK
pathway inhibition. A potent RAS:RAF PPII reduces phosphorylated ERK (pERK)
levels without affecting total ERK (tERK) levels, indicating specificity.’t 73
Phosphorylated ERK mediates the phosphorylation of more than 250 known target
proteins, including nuclear transcription factors. As such, RAS-driven hyperactivation
of MAPK signalling enhances the expression of cell proliferation regulators.”* A
detailed discussion of ERK-related PPIs falls outside the scope of this introduction and

has been covered elsewhere.#2.75
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1. 1PLBK Pat hway

The lipid kinase family PI3K is divided into three classes, of which Class I is the most
extensively characterised and most directly associated with human cancers. Class |
PI3Ks are multi-subunit enzymes composed of a catalytic subunit p110 (Figure 14,
red and ), @ membrane-binding domain C2 (blue) and a RBD (pink). In addition,

they associate with a regulatory subunit, p85, which is not shown here.”6:7”
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Figure 14: Crystal structure and interacting AAs in HRASGTPS:PI3Ko complex.
Reprinted from PACOLD et al.”®

The presence of a dedicated membrane binding domain (blue) in PI3K underscores
the importance of membrane association in Ras:PI3K complexation. At the membrane,
PI3K binds to RASCTP. The right half of Figure 14 illustrates the key AA interactions.
Switch | is the primary complex interface, while switch Il of RAS and the catalytic
domain of PI3K are involved as well. Only in active RAS®™ are the switch regions
appropriately arranged to enable RBD complexation. In the inactive state, the
regulatory subunit p85 suppresses the kinase activity of the catalytic subunit p110.
Upon RASC™ binding, p110 is activated and phosphorylates its substrate,
phosphatidylinositol-4,5-bisphosphate (PIP2), to generate phosphatidylinositol-3,4,5-
trisphosphate (PIP3). PIPs subsequently recruits 3-phosphoinositide-dependent
protein kinase-1 (PDK1) to the plasma membrane, enabling phosphorylation of AKT

by PDK1 (Figure 8). AKT is phosphorylated a second time by mammalian target of

15



rapamycin complex 2 (mTORC?2).”"7® Analogous to ERK, phosphorylated AKT (pAKT)
regulates over 200 downstream targets, many of which are involved in promoting cell
survival. Aberrant PI3K signalling driven by mutant RAS contributes to a wide spectrum
of tumorigenic processes.” In this context, pAKT levels serve as a key readout for
PI3K pathway activity, analogous to pERK in the MAPK pathway.’8° Total AKT (tAKT)
and pAKT levels are commonly used to assess the efficacy of PI3K pathway inhibitors.

A detailed discussion of AKT and its PPIs can be found in dedicated reviews.”"' 79

1. 1RAL Pat hway
The RAL cascade commences with binding of RAS®™ to the RBD of a RAS-like

guanine nucleotide dissociation stimulator protein (RALGDS).8! Figure 15 shows the
RBD of RALGDS (orange) in complex with RASE31K GPPNP (green). The AAs involved
in the interaction are highlighted in grey, with their specific interactions detailed in the
right half of Figure 15. The RASE3X mutant was chosen for crystallisation over RASWT
due to its increased affinity for RALGDS-RBD; Lys31 forms one ionic interaction and
two hydrogen bonds, strengthening the complex. A comparison between Figure 12
and Figure 15 underscores once more the conserved structural features of RAS:RBD
binding across different effectors. The b2 sheets of RAS and RBD, along with switch |
of RAS make up most of the interface. However, this structural similarity does not imply
conservation of the specific AA composition at the interface. A comparison between
Figure 14 and Figure 15 highlights these sequence-level differences. Thus, while the
overall binding architecture is conserved, the unique residue compositions confer high
specificity to each RAS:RBD interaction, supporting the rationale for designing effector-
selective RAS PPI inhibitors (PPlIs).67:81.82

In the RAL signalling cascade, the primary role of RAS is to recruit RALGDS to the
plasma membrane. This membrane translocation is essential for RALGDS activation
and has been demonstrated using RALGDS mutants engineered with membrane
anchors analogous to those of RAS. These membrane-anchored RALGDS variants
can activate RAL independently of RAS. Once at the membrane, RALGDS acts as a
guanine nucleotide exchange factor (GEF) for the RAL GTPases, RALA and RALB;
two isoforms that, like RAS, are membrane-associated small GTPases. The catalytic
domain of RALGDS promotes the exchange of GDP for GTP, generating the active

RALCTP form.81.83

16



—
@
c
w
[$)]

e,
[ASp5TI0---------- on {Lys31]
a oy—{Asp33
. NH, .~ 4
= | stz an_f_ .0 Pro34] ®
§ H - : o-{Thr35] %;
A S
o [Tt

i ﬁ
- (&
w N
-
O.j‘: ®
. l O .
i
=
(@)
Y
Z Youms \

th
||||||||||||||||||

Figure 15: RALGDS-RBD (orange) in complex with RASESLK. GPPNP (green) with interface AAs (grey).
The interface AAs and their interactions are highlighted on the right. Hydrophobic interactions
(solid line), ionic (long dash), H-bond (short dash) and ~ -interaction (broad dash).

Modified from HUANG et al.8!

The effectiveness of PPIIs targeting the RAL pathway can be assessed by quantifying
RALCT levels in treated vs. untreated cells.®* Active RAL®™ binds to a multitude of
effectors that regulate endo-/exocytosis, gene expression and actin organisation.
Additionally, there is evidence of crosstalk between the RAL, MAPK, and PI3K
signalling pathways, suggesting that perturbation of one pathway may influence the

other 838586
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1. 1002hosRAS IRPI I s

To date, no orthosteric proteini protein interaction inhibitors (PPIIs) targeting RAS have
reached clinical approval. Their limited success can be attributed primarily to two
factors. First, the intracellular concentration of GTP in mammalian cells is in the
micromolar range, making it extremely difficult for non-covalent GTP analogues to
compete effectively.8” The inhibitor concentrations required to outcompete
endogenous GTP are impractically high for therapeutic use. Second, RAS exhibits
exceptionally high affinity and selectivity for GDP and GTP. Attempts to design
covalent GDP/GTP analogues necessitate structural modification of the guanosine

scaffold.

One such example is the covalent inhibitor SML-8-73-1 (Figure 17, compound 5),
which features a reactive, covalent warhead attached to the b-phosphate of GDP and
is designed to bind covalently to Cys12 in KRAS®?C, |n a crystal structure of the
KRASC12C:SML-8-73-1 conjugate, KRASC'?C was found to be in its inactive
conformation and is unable to associate productively with its downstream effectors.888°
The conjugate forms through initial reversible binding of SML-8-73-1 at the nucleotide
binding site of KRAS®C followed by thioether linkage between Cys12 and the Michael
acceptor moiety in SML-8-73-1. Unfortunately, the reversible binding affinity between
KRASG?C and GTP mimics similar to compound 5 was reported to be approximately
10* times lower than that of GDP/GTP. As a result, multiple association and
disassociation events occur in competition with GDP/GTP before alkylation proceeds,
resulting in ineffective inhibition.®® These findings are representative for the limited

overall efficacy of orthosteric covalent inhibition strategies targeting KRAS.

In contrast, allosteric KRAS PPIlIs avoid direct competition with GDP/GTP, bypassing
the affinity barrier. As a result, allosteric inhibition has emerged as the leading strategy

for targeting KRAS therapeutically.
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1. 1ALBosRASiIiRPI I s

In 2023, WENG et al. have published a landmark study that systematically mapped the
allosteric landscape of KRAS inhibition.2 In their comprehensive approach, they
engineered over 26,000 KRAS mutants and assessed their energetic differences
regarding protein folding and binding to RAF1, PIK3CG, RALGDS, SOS1 and the
designed ankyrin repeat proteins (DARPIns) K27 and K55. They identified four distinct
pockets with maximum allosteric inhibitory effect on all six binding partners. Their

findings are in line with the sites previously proposed by GRANT et al. (Figure 16).%

Pocket 2
with
Sotorasib

Pocket 4

Figure 16: Allosteric binding pockets for PPIls on KRAS. Created by superimposing 60IM
(KRAS®12C. GDP:gotorasib) and 6VJJ (KRASWT. GPPNP:RAF1-RBD). RAF1-RBD (grey) is shown as
reference. GDP and sotorasib are shown as green sticks. G12, G13 and Q61 are marked with
numbers. Modified from WENG et al.8

Among the identified allosteric sites, Pockets 1 and 2 (blue and orange) have garnered
the most attention in past drug development efforts. These sites are commonly referred
to as the switch I/Il pocket (P1) and the switch Il pocket (P2). Notably, the first clinically
approved covalent KRAS®2C inhibitor sotorasib binds at P2 (Figure 17, 1).%2

Cell-based assays demonstrated that sotorasib effectively inhibits ERK
phosphorylation with ICso = 68 nM. Its exceptional selectivity for KRAS®?C arises from
its covalent mode of inhibition. Building on this success, Mirati Therapeutics developed
MRTX-1133 (2), a non-covalent KRAS®'?P inhibitor.”? MRTX-1133 also binds at P2,
forming a key H-bond between the NH of the bridged piperazine moiety and Asp12.
This interaction confers 500-fold selectivity for KRAS®'?P over KRASW'. In cellular

assays, MRTX-1133 inhibits ERK phosphorylation with ICso = 2 nM and also disrupts
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the KRAS®?P:SOS1 interaction. As of now, MRTX-1133 is undergoing clinical
evaluation.®® The KRAS®?X mutant selectivity of sotorasib and MRTX-1133 is primarily
due to the accessibility of AA12 from P2. Likewise, AA13 and AA61 are also exposed
at P2, enabling selective inhibition of KRAS®3XQ61X mytants. This accessibility and

versatility make P2 a privileged site for drug targeting.®*

MRTX-1133 (2)
Fesik-lle (6)

HN @ o

Zn?* ]

NH HN
Ch-3 (8)

N— n2* Cyclen (10)
/ y (\N
HO OH N

Compound 7c (9) 7 RMC-7977 (11)

Figure 17: Structures of the orthosteric RAS PPII 5 and the allosteric RAS PPlIs 1i 3 and 67 11.

Direct interaction with AA12/13/61 is a key determinant for mutant-selective KRAS
inhibition. However, potent inhibition can also be achieved in their absence. The cyclic
peptide LUNA18 (3) binds at P2 without directly engaging AA12/13/61. LUNA18
potently inhibits the KRAS®?P:SOS PPl with ICso <2 nM. Comparable inhibitory
concentrations were observed in cellular assays for several KRAS®2PVIC mutants. Due
to its broad activity across KRAS mutants, LUNA18 is considered a promising
candidate for pan-KRASMU@nt inhibition However, its selectivity over KRASWT has not
yet been reported. Notably, LUNA18 exhibits excellent oral bioavailability for a cyclic

peptide, ranging from 211 47%, making it a strong candidate for clinical application.?®
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In contrast to P2, P1 is smaller in volume and highly conserved across all three RAS
isoforms, irrespective of the bound nucleotide or interacting ligand. P1 exists
constitutively in KRASCPP/CTP conformations and is not induced by ligand binding. Its
structural features, a shallow, lipophilic core surrounded by a hydrophilic rim, make it
a privileged site for indole-containing compounds.®® Using NMR-based fragment
screening, the Fesik group identified Fesik-lle (6) with moderate binding affinity for
KRAS®12D with Kp=190 uM and 78+8% inhibition of SOS-mediated nucleotide

exchange at a concentration of 1 mM.>®

Building on this hit, KESSLER et al. developed BI-2852 (7), a non-covalent PPII with the
highest known affinity for P1 on KRASG12D.GCP je Kp = 750 nM (GCP is a non-
hydrolysable GTP analogue).”® Notably, BI-2852 exhibits ~10-fold selectivity for
KRASG12D, GCP gyer KRASWT: GCP and binds to NRAS, HRAS and KRAS. Despite the
high affinity of BI-2852, only moderate inhibition of ERK phosphorylation was observed
in cell assays with ECso = 6.7 uM.®*U| t i mat el y, the compoundds |

was considered insufficient to warrant further clinical development.

A P1 ligand with notable inhibitory potency in cell-based assays is Ch-3 (8), developed
by CRuz-MiGONI et al.”* In KRAS®13P mutant cells, treatment with 20 uM of Ch-3 led to
near-complete inhibition of both ERK and AKT phosphorylation. Additionally, Ch-3
disrupted the interaction between RALGDS and all three RAS isoforms. However, no

data were reported regarding its mutant/WT selectivity.

Our own research group, in collaboration with the Stoll laboratory at the Ruhr
University Bochum, has identified dihydroxybenzophenone phenylhydrazone (9) as a
ligand for P1.%6:97 Compound 9 inhibits the SOS-mediated nucleotide exchange on
KRASG?D with ICso = 413 uM and demonstrates ~2.5-fold selectivity for KRASG12P
over KRASWT, Despite this moderate mutant/WT selectivity, cell-based viability
assays with KRASCG12PVICIS gnd KRASC1P-mutant cell lines all showed ICso values in

the range 17.61 33.7 UM, indicating a lack of mutant selectivity.

Overall, the relatively modest inhibitory potency of P1-targeting PPlls compared to P2-
targeting compounds like sotorasib and MRTX-1133 underscores why drug
development efforts continue to focus predominantly on P2. Moreover, the potential for
PPlls binding at P2 to interact with AA12/12/61 enables exceptional mutant/WT

selectivity, a critical criterion for clinical application.
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Similar to P1, both P3 and P4 are positioned unfavourably with respect to the mutation
hot spots in KRAS, reducing their potential for direct mutant-specific targeting. P3 is
the most distal pocket relative to the nucleotide- and effector-binding sites, located
near the C-terminus of RAS.*1% To date, limited drug discovery efforts have focused
on this region. One of the few ligands reported to engage P3 is Zn?* cyclen (10).° NMR
studies revealed that the Zn?* ion not only binds at P3 but also coordinates to the
o-phosphate of RAS®™, thereby enabling simultaneous interaction with AA12/13/61 of
RAS. While Zn?* cyclen interferes with effector binding, its relatively low binding affinity
to RAS precludes it from therapeutic use in its current form, though it may serve as a

lead for more potent derivatives.

Analogously, the P4 pocket has seen limited exploration in ligand development. A
notable exception is the recently reported macrocycle RMC-7977 (11), which binds at
the P4 region.1% Macrocycle 11 first binds to cyclophilin A with Kp(CYPA) = 195 nM.
The resulting binary complex then associates with RAS, forming a ternary assembly
with Kp(KRASC2Y) = 85 nM. Located at the RAS:CYPA interface, macrocycle 11 acts
as a so-called molecular glue, stabilising the tri-complex and thereby inhibiting KRAS-
effector PPIs. As a result, phosphorylation of ERK was suppressed with
ECso = 0.421 nM, exhibiting ~10-fold selectivity for KRAS®?X mutants over the WT.
Remarkably, macrocycle 11 also enhances the intrinsic GTPase activity of KRAS, with
pronounced selectivity for the KRAS®?P, This dual mechanism, PPI inhibition and
GTPase activation, renders RMC-7977 a highly promising candidate currently

undergoing clinical evaluation.1°?

While the list above is not exhaustive, it includes several of the most advanced and
promising KRAS protein-protein interaction inhibitors identified to date, notably

compounds 1, 2, 3, and 11.
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1. 21 m

Over the course of the past decade, the Scherkenbeck group and the company Lead
Discovery Center in Dortmund (LDC) have collected a project library of ~1,200 KRAS
PPlls. The syntheses of selected derivatives and their in vitro efficacy has been
discussed in several publications.4:96.97.1021104 The Scherkenbeck group has largely
focused on the syntheses, while LDC has provided their assay expertise. Recently, a
joint high throughput screening (HTS) of 250 000 compounds targeting the SOS-
mediated nucleotide exchange on KRAS identified several hits, which inhibited the.
Two hit structures were selected for synthesis and subsequent derivatisation in the
context of this project, i.e. LDC151135 (12) and the known leukotriene receptor
antagonist zafirlukast (13) (Figure 18).

“&ﬁ @

LDC151135 ( Zafirlukast (13)

N%]Wr Oy

JES 248 (14)

Figure 18: HTS hit 12 and 13 and in silico HTS hit 14 were selected as targets for this project.

Furthermore, the hit compound JES-248 (14) was identified through an in silico HTS
conducted by our former colleague Dr. Jeuken and was selected for synthesis in this

project.1% In this context, the objectives of this project are as follows:
1. Establishteowatrhieskeslazaoll és
2.Synthesi seodeniheatziaf¥ e stloulgastn 8 oasiSMdRItd i n
3.Stutdlye mode odldlacit vahr oibrg hsmaddeclol i ng.
4 .Draw comparisons between the assay and m

S.Enri chhr djb@enpolunbkdr ary wi tthh eS AbR adzaadlae odnd z
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1. Results and Discussion

1.3S¢Ynthesi s2408 3(JES

Biazoles such as JES-248 and LDC151135 have garnered considerable attention in
medicinal chemistry due to their structural resemblance to marine natural products that
exhibit notable antimicrobial, antifungal, and antitumor activities.'%® Milligram-scale
guantities of both hit compounds were initially procured and fully consumed during
primary screening efforts. To enable further biological evaluation of these hits and
related analogues, the development of suitable synthetic routes became necessary.
Established strategies for biazole synthesis typically involve either the coupling of two
heterocyclic precursors (Scheme 1, A) or the construction of the heterocyclic cores via

cyclization reactions (B and C).

S+ 0 N~ O, HN—Ph
}——Q\/ +
/:‘N R-==NH S HO
N

JES-248 (14)

Scheme 1: Three initial retrosynthetic disconnections were considered for JES-248: A) coupling of two
heterocyclic precursors,°” B) pyrazole synthesis using thiazole acetylene and N-phenylglycine,108
C) Hantzsch thiazole synthesis.1%

For JES-248, neither retrosynthetic pathway B nor C were pursued, as both involve
elaborate precursors and/or exotic reaction conditions.1%61% |nstead, pathway A was
selected as the most viable route, owing to the ready availability of both coupling
partners (Scheme 2). Bromide 15 was synthesised in excellent yields from
2-bromothiazole-4-carboxylic acid and (S)-tert-butyl 3-aminopiperidine-1-carboxylate
under standard amide coupling conditions.1%® The pyrazole 16 was employed as the
boronic ester coupling partner, as Suzuki-Miyaura couplings generally provide higher
yields when thiazoles are used as halide-containing substrates rather than as boronic

acid derivatives.19?
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Scheme 2: Synthesis of the precursors required for pathway A, i.e. bromide 15 and boronic ester 16.

The pyrazole 16 was prepared via Miyaura borylation of 4-bromo-1-phenyl-1H-
pyrazole. An initial borylation attempt with Pdz(dba)s (10 mol%), [Bpin]z (1.2 eq.) and
anhydrous KOAc (1.5 eq.) in dry, degassed dioxane failed to afford the desired product
16. However, under identical conditions using only 5 mol% catalyst, Pd(dppf)Cl2
successfully catalysed the formation of boronic ester 16. The resulting coupling
partners, 15 and 16, were then subjected to Suzuki-Miyaura cross-coupling reactions
(Scheme 3).

.Boc
N NH
HN O HN
Pd(dppf)Cl, 10 mol% TFA/DCM
15 16 K3PO4 2.0 eq. . g /N 1/4 a /N
1.0eq.  1.0€qd.  geg. H,0/Dioxane=1/9 S RT, 5h S
Ar, 80°C, 48h \ I\
. N 87% Yield N
59% Yield BNH-016 JES-248
17 14

Scheme 3: Suzuki-Miyaura coupling of bromide 15 with boronic ester 16 to afford Boc-JES-248 (17),
followed by Boc deprotection to yield the target compound 14.

The reaction conditions tested for the Suzuki-Miyaura coupling reactions shown in
Scheme 3 are summarised in Table 2. The use of KsPO4 as base, in combination with
10% H20 in the solvent mixture, resulted in a threefold increase in the yield of Boc-
protected JES-248 (17). KsPOa4 is commonly used in Suzuki-Miyaura couplings, as it
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generates the requisite hydroxide anions in the presence of water, which are essential

for the catalytic cycle 10111

Catalyst Base Solvent Yield
Pd(dppf)Cl2 (10 mol%) Cs2COs3 (3 eq.) anh. deg. dioxane 19%
Pd(OAc)2 (20 mol%)
XPhos (20 mol%)
Pd(dppf)Cl2 (5 mol%) Cs2C0s (2 eq.) dist. deg. H20/Dioxane = 1/9 42%
Pd(dppf)Cl2 (5 mol%)  KsPOa4 (2 eq.) dist. deg. H2O/Dioxane = 1/9 59%

Cs2C03 (3 eq.) anh. deg. dioxane 20%

Table 2: Tested reaction parameters for the Suzuki-Miyaura coupling of bromide 15 with
boronic ester 16 to synthesise Boc-JES-248 (17).

In the final step, the Boc protecting group of compound 17 was removed using 25%
trifluoroacetic acid in dichloromethane, affording the free amine 14. The overall yield

of 14 was 48% over three steps starting from 2-bromothiazole-4-carboxylic acid.

1. 3A2t em@Btyend heloevarLdsC151135 (

The synthesis of the target biazole LDC151135 proved substantially more challenging
than that of JES-248. Two principal synthetic approaches were investigated: coupling
of two heterocyclic fragments and the Paal-Knorr pyrrole synthesis (Scheme 4,

A and B).

LDC151135
12

Scheme 4: Two retrosynthetic disconnections explored for LDC151135. A) coupling of two
heterocycles and B) Paal-Knorr pyrrole synthesis.
For pathway A, the Bromide precursor 19 was obtained starting with a Paal-Knorr
synthesis of the dimethyl pyrrole 18 from 2,5-hexanedione and 6-amino-1-hexanol, as

shown in Scheme 5.
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HoN—(CHy)g—OH OH oH

|
1.0eq. ,  (CHy _NESTOC o (CH
0 + H,,0, reflux, 20min N THF, -94°C, 3h N
\
)W 73% Yield \@/ 29% Yield \5_7/
o) BNH-001 Br
1.0 eq. 18 BNH-002
19

Pd(dppf)Cl, 10 mol%
CI) [Bpin], 1.2 eq.
_B anh. KOAc 3.0 eq.
0 — _/_\_/_OH -€ X
N

anh. deg. Dioxane
Ar, 80°C, 18h

1 n-BuLi 2.1-3 eq.

HO"B\ — _/—\_/—OH B(OMe)3 1.3-10 eq.
=~ N < 7

AN
anh. THF, Ar
-94°C, 1.5h

Scheme 5: Synthesis of pyrrole bromide 19 and subsequent borylation attempts.

Condensation of the starting materials in refluxing water proceeded smoothly, affording
the product in good yield. While 6-amino-1-hexanoic acid would have been the ideal
starting material, the corresponding alcohol was readily available in-house and thus
employed. The resulting dimethyl pyrrole was initially a colourless oil but rapidly
darkened upon exposure to air and silica. Alkylpyrroles are highly susceptible to
oxidation under a broad range of conditions. Upon oxidation, pyrroles tend to undergo
polymerisation, forming a tar-like material commonly referred to as pyrrole black, a

phenomenon attr i belettrenddensity of thdpgrrole ring.H?

In the present study, the formation of high-molecular-weight black by-products and
reduced yields were consistently observed in reactions involving alkylpyrroles.
Additional side reactions stemmed from the electron-rich nature of the pyrrole core,
which readily undergoes electrophilic substitution. N-Bromosuccinimide (NBS), a mild
oxidant and source of electrophilic bromine,'** was used to brominate compound 1.
However, reaction with one equivalent of NBS led to the formation of pyrrole black,
along with mono- and 3,4-dibrominated derivatives of pyrrole 1. As a result, the target
monobromide 19 was obtained in low yield. These observations are consistent with

previous reports employing similar pyrrole substrates.!4
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Attempts to borylate 19 under Miyaura conditions or via a lithiation-borylation sequence

failed to yield the desired boron-containing intermediate. Consequently, the synthesis

was redirected towards preparation of a thiazole boronic acid. This began with the

reduction of 4-bromo-2-formylthiazole using NaBHas, affording the corresponding

alcohol in excellent yield, in accordance with literature precedent (Scheme 6).11°

0

Br

S oH TsCl 1.2 eq. S oT
NaBH, 1.9 eq. DIPEA 1.5 eq. S
- [ - [
MeOH, RT, 2h g~ N anh. DCM, RT, 2h g~ N
. - BNH-004
99% Yield BNE-003 82% Yield 1
NaH 1.2 eq.
)IS OPh PhOH 1.2 eq.
r— -
B~ N anh. DMF, RT, 4h
BNH-007
22 92% Yield

Scheme 6: Synthesis of thiazole bromide 22 from 4-bromo-2-formylthiazole.

Tosylation of the alcohol 20 to afford tosylate 21, followed by a Williamson ether

synthesis, provided the thiazole ether 22 in good yield. However, subsequent Miyaura

borylation of ether 22 under the same conditions previously employed for the synthesis

of boronic ester 16 failed to produce the desired product (Scheme 7).

Br N

PdClI,(dppf) 5 mol% S OPh
(Bpin), 1.1eq. JI />_/
anh. KOAc 2.0 eq. O~ N
N/ > B
7\ i
anh. deg. Dioxane O
Ar, 80°C, 24h

Hexamethyl-

N Ny S
opPh distannane 1.5 eq. S N
S Pd(PPhs), 10 mol% [
/
T~ - [

22 anh. deg. Toluene ©
Ar, 80°C, overnight BNH-032

30% Yield 23
n-BulLi 1.1 eq. s OPh
B(OMe); 2.0 eq. JI
—
> HO< N
anh. THF, N, B
-94°C, 30min OH
24
28% Yield

Scheme 7: Attempted syntheses of thiazole-based coupling partners for reaction

with pyrrole bromide 19.
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Surprisingly, Pd-catalysed stannylation of bromide 22 with hexamethyldistannane
afforded BNH-032 (23) as the major product albeit in low yield. Organodistannanes are
known sources of RsSnA radicals, with the Sn-Sn bond susceptible to homolytic
cleavage upon exposure to heat or light.**® Compound 23 was likely formed via a multi-
step radical process originating from bromide 22. This assumption is supported by the
structure of compound 23, as both the bromide and the benzylic position in precursor
22 are particularly prone to radical transformation. In product 23, the bromide
functionality is absent, and both a thiazole ring and a methyl group have been

introduced at the benzylic position of the debrominated thiazole core.

Fortunately, a complementary coupling partner for pyrrole bromide 19 was successfully
synthesised from bromide 22. Deprotonation with n-BuLi followed by reaction with
B(OMe)s afforded thiazole boronic acid 24 in low yield. This compound was used
directly in a Suzuki-Miyaura coupling with bromide 19, without further purification or
characterisation. However, LC/MS analysis indicated that the reaction did not furnish

the desired biazole product (Scheme 8).

OH
o HQ (CHa)s
(CHay)s B—OH Pd(dppf)Cl, 10 mol% \

| ~ KsPO, 2.0 eq.
N N \W/
+ S__N VAN '
\ / deg. H,0/deg. Dioxane=1/9 —
Ar, 80°C, 48h

Br PhO SN
BNH-002 j

19 24 PhO

Scheme 8: Attempted Suzuki-Miyaura coupling with bromide 19.

Given the sensitivity of the pyrrole intermediates and the low-yielding borylation of
thiazole bromide 22, pathway A in Scheme 4 was not pursued further. Instead,
attention was redirected to pathway B, as the sensitive pyrrole ring could be
synthesised in the last step through a Paal-Knorr synthesis. Literature reports on
related scaffolds suggest that the requisite 1,4-diketone can be synthesised from
U , -unsaturated ketones, i.e. compound 25 in Scheme 9. T h e -uhsafurated ketone
25 was obtained in moderate yield through Heck coupling between bromide 22 and
methyl vinyl ketone. The modest yield is likely attributable to the volatility of methyl
vinyl ketone, whi ¢ h ha s.''arhe lelevated tengperapues
required for the Heck reaction are not ideally compatible with this volatile reagent,

thereby limiting overall conversion.
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Pd,(dba); 3 mol%
CataCXium® PtB 12 mol%
Methyl vinyl ketone 1.5 eq.

TBAC 1.0 eq.
NaHCO3 1.1 eq.

s, OPh s
)I r— > W
Br” N anh. deg. DMF, Ar, MW 80°C, 4h ~~ N

BNH-007 o BNH-042
22 34% Yield 25
S
CataCXium® PtB HO \ ) B
N +
@\ Bu \—
N R AcSiMe; 3.6 eq.
P Bu anh. DBU 0.9 eq.

anh. i-PrOH 5.0 eq.
N/

- <
s OPh anh. THF, Ar, 64°C, overnight
| )~
N
Ac,0 3.0 eq.
O o 26 TMSCI 3.0 eq.
Mg 3.0 eq.
- 7

anh. DMF, RT, overnight

Scheme 9: Attempted syntheses towards the 1,4-diketone 26 via the U , -unsaturated ketone 25.

Subsequent conversion of the U ,-unsaturated ketone 25 into the corresponding
1,4-diketone 26 was attempted through a catalytic Sila-Stetter reaction.'*® However,
the thiazolium-catalysed addition of acetyltrimethylsilane to U , -insaturated ketone 25
afforded the desired 1,4-diketone 26 only in trace amounts, as determined by LC/MS
analysis. An alternative method involving Mg-promoted addition of acetic anhydride to

U , -insaturated ketone 25 likewise failed to provide an improved yield.

A more promising two-st ep str ategy f-unsaturatea rketomes tinton g U, b
1,4-diketones was reported by CLARK, MILLER and S0.1'?° The first step involves a
Michael-addition of nitroethane to the internal alkene, followed by conversion of the
resulting nitro intermediate into the corresponding ketone via a Nef reaction. Stirring
U, -unsaturated ketone 25 with excess nitroethane and CsF on alumina led to
guantitative formation of the nitro intermediate 27, while minor amounts of the

1,4-diketone 26 were detected as well (Scheme 10).
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S OPh Nitroethane 73 eq. S OPh
I /> CsF/neutral Alumina | />
x~ N > N .
- anh. MeCN, RT, 48h
0o BNH-042 0O NO,
25
KMnO,/Silica
S OPh Benzene, RT *
| )~/
N S OPh
7 12 | >~/

N
(7070 ] - I
K/\// H,0, reflux O o 26

Scheme 10: Attempted synthesis of nitro intermediate 27 from U , -insaturated ketone 25 through
Michael addition of nitroethane. The subsequent Nef reaction to access thel,4-diketone 26 as well as
the Paal-Knorr synthesis towards target compound 12 were not attempted.

The Michael addi ti on of n i -tinsatueatedk ketores is fadlitatdd , b
fluoride anions, which shift the nitro-aci-nitro tautomerism in favour of the aci-nitro form
(Scheme 11).

0 O-H

/ . s
/N T /N

aci-Tautomer

Scheme 11: Stabilisation of the aci-nitro tautomer of 2-nitroethane by F'.12

Hydrogen bonding between the fluoride anion and the aci-nitro alcohol has been
reported as the key stabilising interaction.'?? The predominance of the aci-nitro
tautomer increases the reactivity of the nitroalkane towards Michael acceptors, i.e.
ketone 25. Subsequent oxidation of the nitro intermediate 27 via a Nef reaction using
KMnOg4 on silica and final Paal-Knorr pyrrole synthesis is a promising strategy towards,
followed by a final Paal-Knorr pyrrole synthesis, represents a promising strategy for
the preparation of LDC151135 (12).12°

However, at the time of the synthetic efforts towards compound 12, our collaboration
partner LDC observed significant decomposition of the screening sample. Repeated
purity assessments of the DMSO stock solution over several months indicated that
LDC151135 is not stable in solution. This observation is consistent with the findings

reported here and is likely attributable to oxidative degradation and/or polymerisation
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of the electron-rich pyrrole ring. As a result, further synthesis of compound 12 was not

pursued.

To address the stability issue, a derivative of compound 12 bearing electron-
withdrawing substituents in place of the methyl groups on the pyrrole ring was targeted,
with the aim of improving solution stability. Synthetic efforts were subsequently

redirected toward this more robust analogue.

1.3Sgnthesi BNHSB J(

The lack of success in synthesising LDC151135 through pathway A in Scheme 4 was
attributed to the intrinsic instability of the pyrrole-based intermediates involved.
Consequently, the same coupling strategy was revisited using an electron-deficient
pyrrole diester, with the expectation that its reduced electron density would confer
enhanced chemical stability and facilitate the successful synthesis of a derivative of
LDC151135. The synthesis commenced with the introduction of a Boc protecting group

into freshly distilled pyrrole, following a published protocol (Scheme 12).122

TMP 2.5 eq.
Boc,0 1.2 eq. n-BuLi 2.5 eq. COOMe
_— DMAP 0.14 eq. _— Methyl chloroformate 3.0 eq. =
- NH > — N—Boc > - N—Boc
anh. MeCN, Ar, RT, 2h anh. THF, N,, -94°C, 3h
98% Yield BN;;OZO 41% Yield COOMe
o e o e BNH-022
29
TFA/DCM =1/4 | 97%
RT, 2h Yield
COOMe Zn 1.15 eq. COOMe COOMe
N 1,0.1 eq. NG NIS 2.2 eq. _
~ NH -« - NH -« — NH
DMA, Ar, 120°C, 2.5h | anh. DMF, N,, 80°C, 4h
COOMe o v COOMe o i COOMe
BNH-027 62% Yield BNH-026 88% Yield BNH-025
32 31 30
77% 3314 eq.
Yield K2CO3 5.0 eq.
DMF, Ar, 70°C, 6.5h
COOMe Hexamethyldistannane 1.5eq.  ~_| COOMe
N Pd(PPhs), 5 mol% ~Sh__
—_ N—(CH,);—CO0Bn - —_ N—(CH;);—CO0Bn
anh. deg. Toluene,
COOMe BNH-028 Ar, 100°C, 17h COOMe BNH-030
34 35
49% Yield

Scheme 12: Synthesis of stannane 35 from pyrrole.
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The N-Boc-protected pyrrole 28 was subsequently 2,5-dicarboxylated according to a
published procedure.'?® 2,2,6,6-tetramethylpiperidine (TMP) was deprotonated using
n-BuLi to generate a sterically hindered base, which was then employed to selectively
deprotonate the C2 and C5 positions of pyrrole 28. Carboxylation with methyl
chloroformate furnished the diester 29 in moderate yield. Removal of the Boc group
with 20% TFA in DCM afforded the free amine 30.

Subsequent diiodination of pyrrole 30 using NIS at 80°C yielded the diiodide 31, which
was selectively monodeiodinated with Zn powder in N,N-dimethylacetamide (DMA) at
120°C to give the monoiodide 32 in moderate yield and good purity. This two-step
iodination sequence was employed in preference to direct monoiodination, which has
been reported to afford a mixture of diester 30 and diiodide 31. 124125

Notably, no decomposition of the pyrrole diester intermediates was observed under
elevated temperatures, exposure to air, or on silica, indicating significantly greater
stability than previously synthesised alkyl-substituted pyrroles. Prior to N-alkylation of
the pyrrole 32, the requisite benzyl ester 33 was synthesised from the corresponding

acid chloride and benzyl alcohol according to a literature protocol (Scheme 13).1%¢

BnOH 1.0 eq. o
0 TEA 1.0 eq. B \/\/\)]\
Br\/\/\)l\ > = O/\©
Cl anh. DCM, 0°C, 3h
BNH-023
93% Yield 33

Scheme 13: Synthesis of benzyl ester 33 from 6-bromohexanoyl chloride

Ester 33 was employed to N-alkylate pyrrole 32, affording the triester 34 in good yield.
ZHANG et al. have reported the successful application of Stille cross-coupling reactions
to pyrrole diesters structurally analogous to iodide, supporting the viability of this
approach in the present synthesis.'?* With thiazole bromide 22 in hand, the required
stannane 35 was synthesised through Pd-catalysed stannylation of iodide 34 using
hexamethyldistannane, yielding the desired product in moderate yield. Deiodination of
34 was identified as the primary competing side reaction, as confirmed by LC/MS and

NMR analysis of the crude mixture.
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In the next step, the stannane 35 was coupled with bromide 22 under Stille cross-

coupling conditions (Scheme 14).

?HZOOBn CsF 2.0 eq. (IJOOBn

/_(Br (CH,)s Pd(PPhs), 5 mol% (CH,)s
- | Cul 10 mol% |

SN . Meooc—N<_coome >  MeOOC— N\ _-COOMe
U anh. deg. DMF \ /
Ar, 50°C, 22h
PhO™ 52 —sh 35 —
2\ BNH-035
1.0 eq. 1.0 eq. 55% Yield S

TN 36
5 ~~COOMe PhO y
2
O\/'\\N N\ _N Pd/C 50 mol%

BNH-039 (37) 41% Yield

Scheme 14: Synthesis of the target diester 37 through Stille coupling of bromide 22 and stannane 35,
followed by catalytic hydrogenolysis of the benzyl ester.

The desired benzyl ester 36 was obtained in moderate yield, accompanied by
significant formation of destannylated diester 35 as major side-product. MEe et al.
demonstrated that the addition of Cul and CsF exerts a positive, synergistic effect on
the efficiency of Pd-catalysed cross-couplings between organostannanes and aryl
halides.'?” Their mechanistic hypothesis involves initial transmetallation between Cu'
and the organostannane (R!-SnMes), generating a more reactive organocopper
intermediate (Scheme 15).

R'—SnMe;, R'—CuX

+ —“_ + X_PdII_RZ ,

CuX Me3SnX \\_/ X—R
CsF
Pd°
Me3SnF (polymeric)

+ CuX R'-Pd'—-R? R'—R?

CsX

Scheme 15: Proposed mechanism for the positive, synergistic effect of Cu' and CsF on the yields of
Stille coupling reactions. Modified from MEE et al.1?’

The transmetallation step concurrently produces MesSnl, which reacts with CsF to form
R3SnF, an insoluble by-product that precipitates from the toluene reaction mixture. This
precipitation shifts the equilibrium, driving the transmetallation forward by removing
MesSnl from solution. Promotion of the transmetallation step, in turn, facilitates the

Pd-catalysed Stille coupling cycle. The observed moderate yield of compound 36 was
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unexpected, as destannylation has not been reported as a major side reaction under
comparable conditions.'?” A plausible explanation is that the reaction parameters were
primarily optimised for benzene derivatives, whereas the electronic properties and
reactivity of pyrrole 35 differ significantly.

The final step in the synthesis towards acid 37 involved catalytic hydrogenation of the
benzyl ester 36 (Scheme 14). Appropriate hydrogenation conditions had to be
established to achieve selective cleavage of the benzyl ester while avoiding reduction
of the phenol-methylthiazole ether moiety. A total of nine hydrogenation conditions

were evaluated, as summarised in Table 3.

Conditions LC/MS Results
10% Pd/C (54 mol%),
1,4-Cyclohexadiene (10 eq.), Ethanol'?®
NiCl2x6H20 (6 eq.), NaBH4 (18 eq.),

No conversion of ester 36

Acid 37 not detected

MeQH*?°

10% Pd/C(en) (200 mol%.), H2, MeOH*3®  Complex mixture

10% Pd/C (25 mol%), H2, MeOH 50% conversion of ester 36 after 18h
10% Pd/C (50 mol%), H2, MeOH 50% conversion of ester 36 after 7h
10% Pd/C (50 mol%), H2, AcOH, MeOH 50% conversion of ester 36 after 3h
10% Pd/C (75 mol%), H2, MeOH Acid 37 with side products

10% Pd/C (100 mol%), H2, MeOH Acid 37 with side products

10% Pd/C (200 mol%), H2, MeOH Red. of Bn-ester and PhO-ether in 36

Table 3: Tested reaction parameters for the catalytic hydrogenation of benzyl ester 36.

The most effective conditions employed 50 mol% of Pd/C (10%) in MeOH for 3 hours.
However, complete conversion was not observed, even after extended hydrogenation
overnight. This incomplete conversion suggests potential catalyst poisoning, likely

caused by minor side-products generated during the hydrogenation.

Complete conversion was ultimately achieved only after repeated isolation of the
starting material and subsequent hydrogenation, affording acid 37 in a moderate
yield of 41%. The overall yield of compound 37 over the nine-step synthetic
sequence, starting from pyrrole, was 1%. Despite the modest yield, the final product
was obtained in sufficient quantity for all planned biological evaluations and exhibited

excellent solution stability over prolonged storage.
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A comprehensive understanding of the structure-activity relationship (SAR) of the
zafirlukast scaffold is essential for the successful evaluation of its KRAS PPI inhibitory
activity. Fortunately, the synthesis of various zafirlukast derivatives has been reported
in the literature.131137 |n the present study, previously published synthetic protocols
were optimised, and new synthetic routes were developed to access novel derivatives.

The zafirlukast analogues prepared in this work are summarised in Table 4.

BNH- RIL R2 R® R¢ RS R?

057 (38) NO. Me CH: Me TSA N R
Ox.sen. (39) NHz Me CHz Me TSA m g .
059 (40) MC Me CHz Me TSA _@_@
031 (41) CPC Me CHz H TSA

054 (42) CPC H CHz Me TSA =77 orrmremrmesssssssssscecees

(0]
053(43) CPC Me CHz Me OH cre. £ /O
051 (44) CPC Me CH2 Me OMe N ©
055 (45) CPC Me CHz Me MSA 5
044 (46) NO: Me CHz Me OMe TSA. HN—IS"©
049 (47) NO2 Me CH2 Me OH A
047 (48) NH2 Me CH2 Me OMe o o
050 (49) NHz Me CH2 Me OH  MSA HN—S— wmC: g\NJLO/
081(50) NO2 Me C=O Me OMe “f, 0 H

Table 4: Target derivatives of the zafirlukast SAR grouped according to variations in substituent
residues. Abbreviations: methyl/cyclopentyl carbamate (MC/CPC) and methane/o-toluenesulfonamide
(MSA/TSA).

The green series comprises derivatives with modifications at R?, i.e. nitro indole 38,
oxidation sensitive amine 39, and the methyl carbamate (MC) 40. The magenta series
features variations at R? and R?, i.e. N/O-desmethyl derivatives 41 and 42. The blue
series includes modifications at R®, i.e. carboxylic acid 43, methyl ester 44 and
methanesulfonamide (MSA) 45. Notably, acyl sulfonamides are considered
bioisosteres of carboxylic acids due to their low pka values in the range 41 5.1 The

series comprises all four combinations of nitro/amino indole with benzoic
acid/methyl benzoate, i.e. 46-49. Additionally, a ketone at R® is featured in derivative
50. Derivatives 41, 42, 45, and 49 are novel, while the remaining compounds have
been reported previously.13%137 The N-desmethyl analogue 42 can be conveniently

synthesised from 5-nitroindole (Scheme 16).
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HNYy  MBMB1.0eq.  HNTN o— TN o—

Ag,0 1.0 eq. H, Pd/C 5 mol%
@ - O
anh. Dioxane, N, MeOH/THF=2/1

60°C, overnight / RT, 4h /

NO, vernig NO, o ! NH, o

77% Yield O 91% Yield BNH-043
BNH-041 59
51

— CCF 1.0 eq.
Q \ NMM 1.0 eq.

MBMB >\:> ; anh. DCM

N, RT, 3h

Br @] 2
97% Yield
TSA 2.0 eq. HN HN
PYBOP 1.1 eq. N o— N o—
DIPEA 2.2 eq. LiOH 5.0 eq.
D = @

anh. DCM, N, THF/MeOH/H,0 = 2/2/3 /
RT, 48h NH OH N>, RT, overnight NH 0]

68% Yield

91% Yield O\O BNH.045
53

Scheme 16: Synthesis of target derivative 42 of the magenta series, commencing from 5-nitroindole.

Alkylation of 5-nitroindole at C3 using methyl 4-(bromomethyl)-3-methoxybenzoate
(MBMB) in the presence of Ag20 gave the zafirlukast core scaffold 51. Unreacted
starting material was recovered and re-subjected to alkylation, resulting in a combined
overall yield of 77%. Catalytic hydrogenation of the nitro group then provided the
primary amine 52 in good yield. All synthesised zafirlukast derivatives were found to
be prone to oxidation in air and on silica, particularly the primary amines. As a result,
purification was only possible by HPLC, followed by lyophilisation of the appropriate
fractions. Carbamate formation proceeded smoothly upon treatment of amine 52 with
cyclopentyl chloroformate (CCF) and N-methylmorpholine (NMM), furnishing methyl
ester 53. Notably, the carbamate moiety appeared to impart oxidative stability to the
scaffold, likely through electron withdrawal from the indole ring system. Subsequent
hydrolysis of 53 afforded the carboxylic acid 54. Final coupling with o-

toluenesulfonamide (TSA) under standard peptide coupling conditions yielded the
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target acyl sulfonamide BNH-054 (42). An initial attempt using HATU as the coupling
reagent led to undesired homocoupling between the indole amine and the carboxylic
acid of intermediate 54, as evidence by LC/MS analysis. This side reaction likely
occurred during preactivation of compound 54 with HATU, prior to addition of TSA, in
line with the known reactivity of HATU with both amines and acids.*3® In contrast,
PyBOP does not react with amines enabling all reagents to be combined from the
outset. This allowed the excess TSA to promote the desired heterocoupling. In
comparison, the O-desmethyl derivative 41 was prepared from zafirlukast through a

novel, two-step synthesis (Scheme 17).

BBr; 5.0 eq.

anh. DCM, RT, 17h

Q\ CCF 1.2 eq.
_0 NMM 1.2 eq.

NH anh. DCM, N, RT, 6h

BNH-031 (41) o) 26% Yield over two steps

Scheme 17: Two-step synthesis of target derivative 41 of the magenta series starting from zafirlukast.

A commonly employed method for the O-demethylation of phenol ethers involves
treatment of the starting material with the strong Lewis acid BBrz.*4° When this protocol
was applied to zafirlukast, cleavage of both the methyl ether and the carbamate
functionality was observed. The resulting intermediate 55 displayed poor solubility and
pronounced sensitivity towards oxidation, rendering it unsuitable for further use in the
zafirlukast SAR. Consequently, intermediate 55 was carried forward directly used into
the next step without purification. The primary amine was then successfully
transformed into the desired cyclopentyl carbamate 41 using cyclopentyl chloroformate

(CCF) and N-methyl-morpholine (NMM).
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The subsequent set of derivatives, i.e. the series, was synthesised starting from
intermediate 51, employing modified versions of the protocols shown in Scheme 16
and Scheme 17 (Scheme 18).

HN N N
) — NaH1.2eq. N o— \ o—
O : Mel 1.2 eq O Pd/C 5 mol% O
anh THF O MeOH/THF Q
N, RT, 3h 172
o RT, 3h
BNH-041 52% Yield
51 85% Yield
LiOH 5.0 eq.
THF/MeOH/H,0
RT, 5h
99% Yield
N
NN o— SN o—
Q Pd/C 5 mol% Q
Q MeOH/THF Q
2/1
NO RT, 4h
89% Yield
Scheme 18: Synthesis of the target derivative series, i.e. compounds 46-49,

starting from indole 51.

The nitroindole 51 was N-methylated to afford the target derivative 46 in moderate
yield. Subsequent catalytic reduction of the nitro group furnished the amine 48. In
parallel, methyl ester 46 was hydrolysed under basic conditions to yield the carboxylic
acid 47 in excellent yield. Catalytic hydrogenation of the nitro derivative 47 gave the
amino acid 49 in good yield. This amino acid 49 an the corresponding methyl ester 48
served as starting materials for the preparation of the green and blue target derivative

series (Scheme 19).

Amide coupling of derivative 49 with TSA furnished the acyl sulfonamide 38 in good
yield. Catalytic hydrogenation of the nitro group compound 38 gave the corresponding
primary amine 39, which is listed in Table 4, but not shown in Scheme 19. Similar to
intermediate 55, amine 39 exhibited low solubility and high susceptibility to oxidative
degradation, preventing its isolation in sufficient purity for biological evaluation.
Therefore, amine 39 was used directly in the subsequent step without further

purification.
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N TSA1.05e N
N o— EDCI HCI 1.05 eq. N o—

O DMAP 1.05 eq. Q
& -
(D o

anh. DMF, N, RT, 18h

NH> OH NO, NH ©
J 90% Yield 3
BNH-057 (38)
\N N\ 1. MCF 2.0 eq.
o— NMM 2.0 eq.
Q anh. DMF, N,
RT, 1h
(Dol <
NH NH © 2. Hy, Pd/C 5 mol%
oY K MeOH/THF=1/1
o RT, 18h
4 BNH-059 (40)
15% Yield
over 2 steps
N LiOH 5.0 eq.
N N
N O—  CCF1.1eq. A O— THF/MeOH/H,0
O NMM 1.1 eq. Q 1/1/1
T O
Q / anh. DCM, N, RT, overnight
NH, g RT, 2h
S §( 99% Yield
95% Yield
BNH-051 (44)
N
N N
N o— MSA 1.05 eq. N o—
Q EDCI HCI 1.05 eq. Q
DMAP 1.05 eq. Q
ey -
/-~0
NH NH anh. DCM, N,
O 4 RT, 20h O§( 4
o) o
\Q BNH-055 (45)  40% Yield BNH-053 (43)

Scheme 19: Top: synthesis of the green target derivative series, i.e. compounds 38 and 40, starting
from derivative 49. Bottom: synthesis of the blue target derivative series, i.e. compounds 43-45,

starting from derivative 48.

Conversion of the amine 39 into the corresponding methyl carbamate 40 using methyl
chloroformate (MCF) proceeded with 15% overall yield across the two steps. In
contrast, transformation of the amine group in derivative 48 into the corresponding
cyclopentyl carbamate 44 was achieved in excellent yield. Subsequent hydrolysis of
the methyl ester afforded the corresponding carboxylic acid 43, which was coupled

with methanesulfonamide (MSA) in standard amide coupling condition to yield the
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target derivative 45. The moderate yield in this step is probably a result of the relatively

low nucleophilicity of sulfonamides compared to amines.

The final target derivative 50 features a ketone in place of the methylene bridge in
present in zafirlukast. This substitution introduces a hydrogen bond acceptor (HBA)
between the two aromatic rings, making ketone 50 the only compound in this zafirlukast
SAR series to incorporate such a feature. It is therefore a key intermediate for this
zafirlukast SAR. Fortunately, the synthesis of ketone 50 has been reported recently

and involves the alkyne intermediate 56 (Scheme 20, top arrow).136

1. TMS-acetylene 1.0 eq., Cul 10 mol%, TEA 1.5 eq.

O2N Pd(PPhj3),Cl, 10 mol%, deg. DMF, Ar, RT, 2h
2. K,CO3 Ar, 80°C, 2h
N~ 3. Pd(PPhg),Cl, 10 mol%, Cul 10 mol%, TEA1.5eq.  O2N
I

Br deg. DMF, Ar, @OC’ overnight O _
ZAN > N
BNH-068 58% Lit. yield |
57 | |
+ TMS-acetylene 1.3 eq. Pd(PPh3),Cl, 5 mol%
Cul 5 mol% Cul 10 mol% -0
I Pd(PPh3),Cly, 5 mol% PPh3 10 mol% O
1) TEA 1.5 eq. CsF 2.0 eq.
- > >
deg. DMF, Ar, RT, 2h TEA/PEG200/H,0 o0 o~
Ar, 80°C, overnight
oo~ 95% Yield BNH-082
over two steps 56

Scheme 20: Top arrow: attempted synthesis of alkyne 56 through a published one-pot domino
Sonogashira coupling protocol over three steps. Bottom arrows: successful synthesis of alkyne 56
through an adapted sequential Sonogashira coupling protocol.

The synthesis of alkyne 56 was originally published as a one-pot, three-step, also
referred to as domino Sonogashira coupling.'36141 The required 2-bromo-N,N-
dimethyl-4-nitroaniline 57 was synthesised through monobromination of N,N-dimethyl-
4-nitroaniline (see Experimental Section). In the published protocol, bromide 57 was
first converted into the corresponding trimethyl silyl (TMS) alkyne. In the second step,
the TMS group was removed using K2COs, and the resulting the terminal alkyne was
immediately subjected to Sonogashira coupling with methyl 4-iodo-3-methoxy-

benzoate. A final yield of 58% was reported for alkyne 56.

However, this procedure could not be reproduced successfully in our laboratory. As an
alternative, we employed a modified synthetic route, beginning with the Sonogashira
coupling of the more reactive methyl 4-iodo-3-methoxybenzoate with TMS-acetylene.

The resulting TMS-alkyne intermediate was purified via flash chromatography and then
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used in a sequential Sonogashira coupling. In this adapted method, the TMS group
was cleaved in situ using CsF, and the resulting terminal alkyne was immediately
coupled in a one-pot reaction.4142 Using this approach, the internal alkyne 56 was
obtained in excellent yield over two steps. This improved yield can be attributed to the
low concentration of terminal alkyne in the reaction mixture, which suppresses the

competing Glaser homocoupling.14?

With the alkyne 56 in hand, the subsequent oxidation to ketone 50 was attempted

following a published procedure (Scheme 21, top arrow).36

KQSQOg 3.0 eq.

O,N .
O > DMSO, 80°C, 4h

O,N

| 3% Yield N
Il 60-91% Lit. yield
TBHP 6.0 eq.
TBAI 20 mol%
02> 0~  anh. DMSO, 80°C 0“0
overnight
BNH-082 46% Yield

56

Scheme 21: Comparison of two published oxidation protocols from alkyne 56 towards ketone 50.

In the published procedure, the alkyne 50 was oxidised using K2S20s in DMSO at 80°C
for 415 hours with a reported yield of 607 91%. However, under identical conditions,
our attempts resulted in a complex product mixture and a significantly lower yield of
only 3%. This discrepancy suggests that K2S20s may be too potent an oxidant in this

context, leading to overoxidation and side reactions that compromise selectivity.

Fortunately, an alternative protocol was identified, which reported successful oxidation
of an alkyne structurally similar to compound 56, using tert-butyl hydroperoxide (TBHP)
in combination with tetrabutylammonium iodide (TBAI).2*2 When applied to alkyne 586,
this milder procedure led to a much cleaner conversion affording the target ketone 50
47% yield.

Notably, both derivatives 50 and 56 represent valuable scaffolds for further
derivatisation, particularly due to the presence of central functional groups, i.e. an

alkyne and a carbonyl moiety. As discussed in the introduction, effective PPIIs often
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adopt L- or T-shaped geometries.’* The central alkyne or carbonyl moieties in
derivatives 50 and 56 offer ideal vectors for installing a third substituent, thereby

enabling the construction of such geometries in a rational design approach to PPIIs.

Toward this goal, attempts were made to convert ketone 50 into the corresponding
oxime or hydrazone derivatives by stirring with O-benzylhydroxylamine or
p-fluorophenylhydrazine, in the presence of either base or acid. Unfortunately, these

transformations did not yield the desired products (Scheme 22).

R'-NH, HCI 1.5 eq.
Pyridine 20 eq.

\/ v
Zay > O,N i\
DCM, RT, 3h
|
RZ-NH, HCI 1.5 eq. R
AcOH 16 eq. N S N—
s > 5
MeOH, 50°C, 3h O O , HN™
R
R'-NH, HCI 10 eq.
Anthranilic acid 10 eq. _
N > (@) (0]
N F
Pyridine/MeOH/THF
1/2.5/2.5

RT, overnight

Scheme 22: Attempted conversions of ketone 50 into the corresponding benzyl oxime and
p-fluorophenyl hydrazone.

Notably, no conversion of ketone 50 was observed by LC/MS analysis under the tested
reaction conditions for oxime or hydrazone formation. CRISALLI et al. reported that
oxime formation from aldehydes can be significantly accelerated in the presence of
anthranilic acid as a nucleophilic catalyst.* Motivated by this finding, the same
catalytic conditions were applied to ketone 50; however, once again, no reaction was
observed by LC/MS analysis.

A likely explanation for the lack of reactivity lies in the electronic nature of the carbonyl
group in ketone 50. The ketone is flanked by two aromatic rings, and conjugation with
these electron-rich systems considerably reduces the electrophilicity of the carbonyl
carbon. As a result, its reactivity towards nucleophiles such as hydroxylamines or

hydrazines is diminished, even under catalysed conditions.
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To circumvent this issue, an alternative strategy was pursued: the reduction of ketone
50 to the corresponding secondary alcohol, which would serve as a precursor for
further functionalisation via alkylation. For this purpose, a Luche reduction was
attempted under standard conditions (Scheme 23).

NaBH,4 1.0 eq.
CeCl3 1.0 eq.
¢ o
MeOH/THF=1/1
RT, overnight

Scheme 23: Attempted Luche reduction of ketone 50 towards the corresponding alcohol.

The Lewis acid CeCls has been reported to activate carbonyl groups toward
nucleophilic attack by hard nucleophiles, i.e. H'.1*> However, no conversion of ketone
50 was observed by LC/MS analysis following overnight stirring at room temperature.
This lack of reactivity highlights the reduced electrophilicity of the carbonyl, likely due
to resonance stabilisation by the flanking aromatic systems. Future work should
therefore focus on applying stronger, more reactive hydride donors, i.e. DIBAL-H and

LiAlH4, which may overcome the electronic deactivation of the ketone.

The synthetic work of this project concluded with two attempted conversion of alkyne
56 into the corresponding 1,4,5- or 3,4,5-trisubstituted 1,2,3-triazoles (Scheme 24).

[Ir(cod)ClI],> 2 mol%

O2N R-BINAP 4 mol% 0
Methyl 2-azidoacetate 1.5 eq. O Nsz/[(
N X o

75 > s
| anh. deg. DCM, Ar, RT, overnight O2N N/ N,
I o X
N “LL‘ N
ey s O »
e -azidoacetate 1.0 eq.
O y 52 4 O ? 28
deg. dioxane, Ar, 60°C, overnight /O

0”>o”
BNH-082 (56)

Scheme 24: Attempted conversions of alkyne 56 into the corresponding
1,4,5- or 3,4,5-trisubstituted 1,2,3-triazoles.
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Standard Cu-catalysed azide-alkyne cycloaddition (CuAAC) is a widely employed and
reliable method for synthesising 1,4-disubstituted 1,2,3-triazoles from terminal alkynes.
However, internal alkynes such as compound 56 are generally unreactive under
CuAAC conditions and do not yield the corresponding trisubstituted triazoles. In
contrast, alternative cycloaddition methods using Ir and Ru catalysts have been
reported to successfully convert internal alkynes into trisubstituted 1,2,3-triazoles,
often with good yields.**6147 The regioselectivity of these transformations depends
significantly on the substituents present on the alkyne. In both published protocols,
ethyl 2-azidoacetate was employed as the azide partner. As this compound was not
readily available in our laboratory, the corresponding methyl ester was used instead.
Unfortunately, under both Ir- and Ru-catalysed conditions, no conversion of alkyne 56
into the desired trisubstituted 1,2,3-triazoles was observed.
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1. 3Bbochemi caand Daadcaki ng Resul ts

1.3.5.1 Assays and Reference Molecules

Our project library currently comprises ~1,200 molecules with 1 to 30+ assay
datapoints each. As the primary screening method, we employ the KRAS-SOS
nucleotide exchange assay to evaluate initial compound activity. Compounds
exhibiting ICso values in the low micromolar range are subsequently advanced to
cellular assays. Compounds that show little to no inhibitory activity are typically not
subjected to further evaluation, with the exception of reference compounds or
molecules of particular interest. The relevant reference compounds used to benchmark
assay outcomes have been outlined previously in the introductory section 1.1.13
(Figure 19).

g Pt ﬁ Q Q i
N
A\ HoNu, \ /
N Ho _%;b
—N

Fesik-lle (6) BI-2852 (7 Ch-3 (8) \

Figure 19: Relevant reference molecules for the discussion of the biochemical data and docking
results of the biazole and zafirlukast derivatives.

The biazole and zafirlukast scaffolds constitute rather linear small molecules sharing
notable structural similarities with the reference compounds Fesik-lle (6), BI-2852 (7)
and Ch-3 (8), which are included in the following SAR discussion. The analysis is
based on two assays: KRASC1ZDVWT.SOS nucleotide exchange (NEG2PVWT) and
CellTiter Glo (CTG) viability of SNU-1(KRAS®*?P) and RKo (KRASWT) cell lines. The
NEGI2DIGI2VIWT  assays quantify the SOS1-catalysed GDP/GTP exchange in the
presence of a PPIIl. The CTG SNU-1/RKo assays measure the amount of living cells
in a cell culture 72h after PPII treatment. The assay protocols are described in detalil

in the Experimental Section.
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A summary of the NE®'?P assay results for the biazole and zafirlukast series, along
with the outcome of rigid receptor docking of these ligands at P1 on KRASG12D, GDP g

presented in Table 5.

D NE®12D DS Glide
ICso[ € M]] [kcal/mol] emodel
12 | 3.84+2.14 -1.77 -74.2
37 100+ 32.1 -6.91 -80.2
14 >300 -5.15 -56.5
23 >300 -4.67 -42.9
58 >300* -5.72 -56.0
59 >300* -4.39 -45.4
60 >300* -5.17 -54.5
61 >300* -4.58 -44.9
62 >300* -4.97 -50.0
63 19.8* -4.30 -36.3
13 | 12.7+6.22 -3.89 -43.2
38 16.5+£1.78 -4.24 -54.4
40 | 66.7+30.9 -3.71 -48.8
41 11.9£5.99 -2.13 -43.4
42 | 10.4 +£0.909 -1.93 -41.3
43 | 82.7+40.7 -2.24 -38.1
44 >300 -4.14 -41.3
45 554 +2.89 -3.22 -42.1
46 >300 -3.70 -38.7
47 | 48.7 £9.96 -4.01 -36.6
48 >300 -4.98 -44.7
49 80.1 £65.1 -4.93 -41.1
50 >300* -4.32 -42.0
56 >300* -3.75 -36.7
6 >300 -5.77 -63.6
I 17.0+9.31 -6.13 -79.3
8 >300 -4.86 -45.3
Table 5: Left: nucleotide exchange assay results of the biazole ( ) and zafirlukast (green) series.

The mean is reported with the standard deviation. Single measurements are marked with an asterisk.
Right: docking scores (DS) and Glide emodel values of those ligand conformations with the largest
negative emodel values in Figure 22. The references are shaded white.

Mol ecul es with an ]iB bigzbles 68 63nhgve beent provided.-bp C o
our collaboration partner. Their syntheses are not covered in this thesis. In the following
discussion all compounds with ICso(NE®'?P) > 300 M aclassified as inactive, while
those with lower I1Cso values are considered active. The structures of all derivatives

listed in Table 5 are shown in Figure 20.
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Figure 20: Biazole and zafirlukast derivatives synthesised in this project. The zafirlukast derivatives
are coloured according to their structural differences, analogous to Table 4.
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1.3.5.2 Rigid Receptor Docking

Visualising the protein:ligand complexes of the derivatives listed in Table 5 greatly
facilitates interpretation of the corresponding assay data. To this end, our research
group routinely employs the Schrédinger Maestro Suite 2018 for the in silico simulation
of protein:ligand interactions. In this section, the generated complexes serve as visual

and interpretive tools for analysing KRAS®'?P:ligand binding.

Rigid receptor docking was performed using the crystal structure of KRASG12D: C118S jn
complex with BI-2852 (7) (PDB ID: 6ZL5).%° The C118S mutation was introduced to
enhance protein stability, as previously reported.>® Rigid receptor docking involves
generating and ranking potential binding poses of a ligand (any listed in Table 5) within
a static binding site on a protein (P1 in 6ZL5).1*® The resulting poses were evaluated
based on their Glide emodel values, a dimensionless metric that reflects the likelihood
of a ligand adopting a particular binding pose. Ideally, a single binding pose with a
highly negative emodel value is observed, indicating a strongly favoured conformation.

Additionally, the docking score (DS), which estimates the binding free energy (8&Gbind)
in kcal/mol, was used to compare binding affinities across chemically diverse ligands.
This score accounts for various factors including hydrogen bonding, desolvation, and
metal-ligand interactions. The DS thus provides a comparative measure of complex

stability and potential biological relevance.4814°

Detailed protocols for the performed calculations are provided in the Experimental

Section. The results of the rigid receptor docking are summarised in Table 5.

Before discussing the data presented in Table 5, two critical aspects of the docking
process must be highlighted. First, P1 on KRAS®12D. GPP was chosen as binding site
for the rigid receptor docking based on the structural similarity of the biazole and
zafirlukast derivatives with established P1 ligands, specifically references 61 8. Among
these, BI-2852 demonstrates the highest binding affinity for P1, making the
corresponding crystal structure 6ZL5 the most appropriate binding site model for this

rigid receptor docking study.
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Second, following the identification of P1 as a probable binding site for the synthesised
ligands, the docking parameters were systematically optimised to accurately reproduce
the binding pose of the co-crystallised reference ligand BI-2852. The finalised docking

parameters are provided in the Experimental Section.

The left panel of Figure 21 illustrates the overlay of the co-crystallised conformation of
BI-2852 (red) with its docked pose (green) within P1 on KRAS®12P: GPP_The right panel
of Figure 21 displays the allosteric binding pockets of KRAS, coloured as in Figure

16, to provide spatial orientation and facilitate interpretation of ligand placement within

the protein surface.®

Figure 21: Left: superimposed conformations of BI-2852 (7) co-crystallised (red) and docked (green)
to P1 at KRASG12D. GOP (PDB ID: 6ZL5). GDP is depicted as red sticks in the background. Mg?* is a
magenta sphere. Right: binding pockets of 6ZL5 coloured according to WENG et al.®

The close spatial alignment of both conformations of Bi-2852 is an indication for the
suitability of the established docking model for predicting accurate docking poses at
P1 for ligands structurally related to BI-2852.
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1.3.5.3 Discussion

In order to highlight the correlations between our in vitro and in silico findings, the DS
and emodel values of up to ten poses per ligand were plotted alongside box plots

summarising the NE®'?P assay results of the ligands listed in Table 5 (Figure 22).
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Figure 22: Top: summary of the DS and Glide emodel values of up to ten conformations per ligand,
resulting from docking the biazole and zafirlukast series with published reference ligands to P1 in
6ZL5. Bottom: box plots of the assay results in Table 5, divided by scaffolds analogous to the upper
plot. The mean is indicated by a black dot, the central 50% of the data (interquartile range) is indicated
by a box, and the whiskers extend up to the 1.5-fold interquartile range.

The poses of biazoles 12 and 37, as well as the reference 7, are distinguished by their
consistently large, negative docking scores (DS) and emodel values within narrowly
distributed ranges. This suggests energetically favourable binding of these ligands at
the P1 pocket. These computational findings align with their in vitro NE®?P assay
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results, which vyielded ICso values of 3.84+2.14, 100+32.1, and 17.0+9.31¢ M,
respectively. In contrast, the remaining biazole derivatives performed comparatively
poorly both in silico and in vitro. A notable exception is derivative 63, which
demonstrated moderate NE®?P inhibition with [Cs0=19.8€ M despite DS
(~4 kcal/mol) and emodel values (~36) that typically correspond to weak binders.

Nevertheless, the docking model appears sufficiently robust to differentiate between
active and inactive biazole ligands at P1. A key discriminatory interaction seems to be
the ionic coordination between the carboxylic acid moieties of active biazoles 12 and
37 and the Mg?* cation situated o p p 0 s i t-phosphateof GDP (Figure 23).

Figure 23: Predicted binding poses of biazoles 12, 37, 60, and 63 as well as of zafirlukast (13) and its
derivative 46 at P1 in 6ZL5.
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The flexible hexanoic acid moiety in biazoles 12 and 37 enables simultaneous
coordination of the Mg?* cation and optimal positioning of the aromatic ring within the
small, apolar P1 pocket. This dual interaction potentially contributes to the observed
activity of these ligands in the NE®'?P assay. The preference of P1 for small aromatic
scaffolds has been described previously by KEsSSLER et al.®® Biazoles lacking the
carboxylic acid moiety, i.e. derivatives 14, 23, and 581 62, are inactive in the NE®12P
assay, presumably due to their inabilty to engage in Mg?* coordination.
Correspondingly, these compounds exhibit comparatively poor DS and emodel values.
The docking pose of biazole 60 in Figure 23 serves as a representative example. The
docking poses of the remaining biazoles are similarly unremarkable and are therefore

provided in the Appendix for completeness.

Notably, a similar NE®'?P inhibition mechanism, based on ionic interaction with the
Mg?* cation, was previously proposed by our research group for betulinic acid
derivatives acting on the KRAS:SOS complex.*® The apparent inconsistency between
the docking and assay results for biazole 63 may stem from constraints imposed on
the docking protocol to prioritise binding poses at P1. While biazole 63 may indeed
operate via Mg?* coordination, its structural length likely precludes simultaneous
interaction with both P1 and the metal centre. Consequently, the Glide scoring function

may disfavour such conformations energetically.

The successful synthesis of pyrrole diester 37, a stable analogue of screening hit 12,
combined with the elucidation of a plausible mode of action for active biazoles, marks
a significant advancement in the SAR understanding of this ligand class.

In contrast to the biazole series, no meaningful correlation was observed between the
in vitro and in silico results for the zafirlukast scaffold, as illustrated in Figure 22.
Specifically, none of the docking poses indicated complexation with the Mg?* cation or
other strong interactions, as exemplified by the representative poses of zafirlukast and
its derivative 46 in Figure 23. The docking conformations of the remaining zafirlukast

derivatives were similarly unremarkable and are presented in the Appendix.

Despite the lack of supportive docking data, a distinct pattern is apparent in the NEG12P
assay results: active zafirlukast derivatives consistently contain either a carboxylic acid
moiety, i.e. derivatives 43, 47, and 49, or an acyl sulfonamide group, i.e. derivatives

13, 38, 40, 41, 42, and 45. Acyl sulfonamides are regarded as bioisosteres of
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carboxylic acids, typically exhibiting pKa values in the range 4i6.1%® Conversely,
inactive derivatives lack such acidic functionalities. This suggests that NE®*?P inhibition
in the zafirlukast series may depend on the presence of an acidic group capable of
interacting with Mg?*.

However, the absence of Mg?* complexation in the docking poses implies that P1 is
unlikely to be the relevant binding site for the zafirlukast derivatives. Instead, a different
binding pocket, potentially one still proximal to the Mg2¢ion, may be responsible for the
observed biological activity. Consequently, while the docking model is effective for
predicting biazole interactions at P1, it appears unsuitable for zafirlukast-based ligands
and should not be relied upon to infer binding conformations for this scaffold at the P1
site of KRAS®?D in 6ZL5.

Furthermore, the most potent NE®'?P inhibitors in the zafirlukast series (ICso< 20 €M),
i.e. derivatives 13, 38, 41, and 42, share a common o-toluenesulfonamide moiety. In
contrast, derivatives 43, 45, 47, and 49, which lack this structural feature, showed
reduced activity. This trend suggests that the o-toluenesulfonamide group plays a
critical role in enhancing KRAS:ligand interactions. Conversely, structural features
such as the cyclopentyl carbamate moiety and the N/O-methyl substituents present in

zafirlukast appear non-essential for NE'2P inhibition.

Importantly, although a reliable docking model for zafirlukast derivatives at P1 remains
elusive, the biological data are nonetheless promising. Specifically, compounds 41 and
42 not only demonstrated superior NE®'2P inhibition compared to the P1 reference
PPII, BI-2852, but even slightly exceeded the activity of their parent compound

zafirlukast. This represents a significant advance in the SAR study of this scaffold.

Notably, an additional pattern emerges from the extended assay data of the biazole
and zafirlukast derivatives, as summarised in Table 6. Specifically, derivatives that
reduce cell viability in the SNU-1 and/or RKO cell lines, i.e. derivatives 14, 46, and
48, were found to be inactive in the NE®?P assay. Conversely, derivatives that were
inactive in the CTG assays, i.e. derivatives 12, 13, 37, 41, 47, and 49, demonstrated
inhibitory activity in the NEG12P assay.
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NEG2V NEWT CTG SNU-1 CTG RKO

[ € M] [ € M] [ € M] [ € M]
12 0.842* 9.97 +9.76 >30 >30
14 >300* >300* 16.2 £1.15 n.d.
37 n.d. 283* >30 >30
13 149%6.11 14.03* >30 >30
38 17.4* 25.3* n.d. n.d.
40 38.0* 61.7* n.d. n.d.
41 n.d. 15.0* >30 >30
42 12.0* 13.9* n.d. n.d.
43 n.d. 46.6* n.d. n.d.
45 n.d. 80.4* n.d. n.d.
46 n.d. >300* 1.51 £0.100 2.93+2.22
47 n.d. 91.9* >30 >30
48 n.d. >300 3.72 £ 0.355 2.30 £ 0.185
49 n.d. 203* >30 >30
50 n.d. >300* n.d. n.d.
6 n.d. >300 9.52 +1.52 >30
7 10.9%£0.655 33.1+9.71 >30 >30
8 n.d. >300 7.19 £ 0.836 7.28 £ 0.150
Table 6: Assay results of the biazole ( ) and zafirlukast (green) series and the reference

molecules (white). The mean is reported with the standard deviation. Single measurements are
marked with an asterisk.

One possible explanation for this inverse relationship is the potentially limited cell
permeability of the active NEG2P inhibitors. These compounds contain acidic functional
groups, which are deprotonated at physiological pH, resulting in negatively charged
conjugate bases that may hinder cellular uptake. This physicochemical property could
explain their lack of cytotoxicity in cell-based assays, despite their efficacy in inhibiting

nucleotide exchange in vitro.

The methyl esters 46 and 48 are expected to be uncharged under physiological
conditions, which likely enhances their cell permeability compared to zafirlukast (13)
and its derivative 41. Once inside the cell, the esters may undergo hydrolysis, liberating
the corresponding carboxylate anions, which could then engage in Mg?* complexation,
thereby inhibiting the nucleotide exchange.

In contrast, biazole 14 does not have a carboxylic acid or bioisosteric acid group,
making Mg?* complexation an unlikely mode of action. Given its structural resemblance

to reference 6, it is reasonable to assume that they share a common mode of action.

Finally, comparison of the NE ICso values presented in Table 5 and Table 6 reveals

that all tested derivatives, with the exception of compound 43, exhibit either no or weak
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selectivity (Otwo-fold) for KRAS®12P gver the WT. This selectivity is comparable to the
behaviour of reference 7. In contrast, compound 43 demonstrated a two-fold
preference for KRASY'. In the CTG assays, no selectivity was observed for any
derivative, indicating comparable effects across cell lines, regardless of KRAS

mutation status.

1. Summaarwyd Outl ook

In the first project of this thesis, a total of 16 potential KRAS PPIIs were designed and
synthesised. Among these were six biazoles provided by LDC (compounds 58-63) and
three biazole derivatives (14, 37, and 23) synthesised in our laboratory via convergent
Pd-catalysed coupling of five-membered heterocycles. Notably, the challenging nine-
step synthesis of the pyrrole diester 37 represents a significant achievement in SAR
exploration of the biazole series. The electron-withdrawing methyl esters on the pyrrole
ring in compound 37 notably improved its solution stability compared to the oxidation
sensitive HTS hit 12.

Unfortunately, the NE®'2P inhibition observed for biazoles 12 and 37 did not translate
into significant selectivity between KRAS mutants or into cellular activity through
inhibition of downstream effector interaction. However, rigid receptor docking of all
biazole derivatives at the P1 site on KRAS®12P (PDB ID: 6GJ8) proved to be a suitable
in silico model for discriminating between biazoles with/without NE®*?P inhibition. The
proposed key interactions contributing to NE€12P inhibition include complexation of the
Mg?* cation by a carboxylate anion, alongside hydrophobic interaction of a benzene
ring with the P1 pocket.

Among the synthesised molecules were also 13 zafirlukast derivatives, i.e. compounds
38, 40-50, and 56. Notably, a significant yield improvement in the synthesis of the key
intermediate 56, up to 95% over two steps, was accomplished through sequential
Sonogashira coupling. The NE®?P inhibition SAR of the zafirlukast derivatives
suggests a similar complexation of the Mg?* cation as observed in the biazole series,
with 1Cso values in the low micromolar range. This pattern, however, was not reflected
in the rigid receptor docking results of the zafirlukast derivatives at the P1 site in 6GJ8.
Particularly noteworthy are derivatives 41 and 42, which not only demonstrated
superior NE®*?P inhibition compared to their parent compound zafirlukast, but also
outperformed BI-2852, the currently most potent KRAS PPII binding at the P1 site. The
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lack of mutant/WT selectivity of the zafirlukast remains an area for future optimisation

of this promising scaffold.

Overall, the goal of studying the SAR of the biazole and zafirlukast scaffolds through
synthesis of derivatives and their analysis in vitro and in silico was achieved
successfully. In the process, the project library was enriched with both active and
inactive NE®'?P inhibitors, providing valuable datapoints for the following QSAR

studies.
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Despite recent advances in KRAS PPIl development, the demand for evermore
streamlined screening pipelines persists. Modern medicinal chemistry has progressed
well beyond brute-force screening approaches towards more efficient strategies that
leverage the synergy between in silico modelling and laboratory synthesis. This project
focussed on employing state-of-the-art machine learning techniques to derive
guantitative structure-activity relationships (QSARs) from our project library. These
QSARs enable the rapid evaluation of the inhibitory potential of millions of candidate
KRAS PPIlIs. Notably, libraries based on modular scaffolds, such as cyclic peptides,
offer the opportunity to synthesise a broad spectrum of structurally diverse PPIIs using
a limited set of robust synthetic protocols. The first part of this introduction aims to
clarify key cheminformatics terminology, as some core concepts used in this work are
less familiar to the average medicinal chemist. The second part outlines the
advantages and limitations of the cyclic tetrapeptide (cyctetpep) scaffold as a platform

for designing PPIIs.

2.1Médicinal Chemistry in the Age of Data

Developing a new small-molecule drug in the United States costs, on average,
approximately US$2 billion and takes around 15 years. While the profit margins of
successful drugs are substantial, the pressure to continuously optimise the drug
development process remains immense. Despite their decades-long history,
computer-aided drug discovery tools have only in recent years gained widespread
recognition as key driving forces for drug discovery in both academia and industry.
This shift is largely attributed to recent technological breakthroughs in computing

power and artificial intelligence.*>°

A particularly promising approach involves conducting in silico and in vitro screening
campaigns in parallel. Virtual libraries allow the exploration of vast chemical space at
low cost, while continuous feedback from targeted in vitro assays helps refine
compound selection and keep drug development efforts aligned.'®* Although the
methodologies used by medicinal chemists to conduct screenings have advanced
significantly, the diversity of molecules selected for these campaigns has not. A

comprehensive analysis of the ZINC database, which contains over 800 million unique
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molecules, revealed a striking pattern: the majority of screening efforts still draw from
a narrow range of scaffolds and structural motifs, particularly anilides and amides
(Figure 24).152
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Figure 24: Density map of lead-like molecules in ZINC database with most frequent structural motifs.
Reprinted from ZABOLOTNA et al.152

The widespread use of certain scaffolds in medicinal chemistry is largely due to their
accessibility via reliable and well-established synthetic protocols, which significantly
reduces the resources required for derivatisation. Moreover, the hybridisation of known
bioactive scaffolds remains a common and effective strategy for lead optimisation.13
However, this conventional approach has only scratched the surface of chemical
space. Of the estimated 1032 possible drug-like molecules, only a minute fraction has

been synthesised and characterised.%2

Machine learning now offers the capability to identify promising, unexplored scaffolds
beyond this narrow domain with greater reliability. This allows medicinal chemists to
allocate resources more strategically, particularly toward overcoming potential
synthetic challenges associated with novel structures. The rapidly evolving field of
cheminformatics is at the forefront of these efforts, dedicated to developing tools that

enhance scaffold discovery.>*

The following three sections introduce key concepts in cheminformatics that underpin

this projectbés approach.
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2. 1D2scripnadrSimilarity

Molecular descriptors are numerical representations of structural features of
molecules.'>® A familiar example is the logarithm of the partition coefficient (logP), a
floating-point number classified as a zero-dimensional (OD) descriptor. This project
primarily utilises 1D descriptors, specifically molecular fingerprints. Descriptors of
higher dimensionality also exist, often represented as two-dimensional or higher-order
matrices. A comprehensive overview of commonly used molecular descriptors is

provided by TobESCHINI and CONSONNI. 56

Fingerprints are a key class of 1D descriptors. They are Boolean arrays of fixed length,
consisting of binary digits (on bits as 1s and off bits as 0s), where each position
corresponds to a specific structural feature. The presence of a feature in a molecule is
indicated by an on bit at the relevant position.

Figure 25 illustrates how structural similarity between molecules can be efficiently
computed using fingerprints, i.e. RDKit fingerprints. A widely used similarity metric is
the Tanimoto coefficient (Tc). It is calculated as the ratio of the number of shared on
bits between two fingerprints (bothAB) to the total number of unique on bits in both
molecules (onlyA + onlyB + bothAB) (Equation 1).157.158

s e e o i T e o L QO ED O TXO0
YO & QAge0B Q QW09+t 65—
EEAWDENWDED O T Y TXO

Equation 1: Definition of the Tc and its calculation for the RDKit fingerprints in Figure 25.157
The example in Equation 1 shows Tc = 0.94 for biazoles 12 and 37 in Figure 25,
reflecting their high structural similarity. The Tc ranges from O (no similarity) to 1

(identical structures).
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Figure 25: RDKit fingerprints of length 512 of biazoles 12 and 37. The fingerprints differ in 28
positions (red) and have 473 on bits in common.
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It is important to note that different fingerprints can yield varying Tc values for the same
pair of molecules. Consequently, selecting an appropriate fingerprinting algorithm is
essential for the accuracy and relevance of the analysis. In this project, both RDKit and
the extended-connectivity fingerprints (ECFPs) were utilised. The ECFP is among the
most widely used and best-performing fingerprints in ligand-based virtual screening
and target prediction.'>1€0 |n contrast, the RDK:it fingerprint, when combined with the
Tanimoto coefficient, has demonstrated superior performance in representing the

similarity and diversity within chemical datasets.'6?

The ECFP and RDKit FP differ significantly in their generation algorithms. The ECFP
is a circular fingerprinting approach based on a modified version of the Morgan
algorithm.2 |t encodes structural information by iteratively updating a numerical
identifier assigned to each atom, incorporating details of its atomic environment within
a defined radius. At each iteration, the radius, representing the topological distance in
terms of bonds, expands, progressively including more neighbouring atoms.162 The top
half of Figure 26 schematically illustrated this process for the quaternary carbon atom

of the benzene ring in benzoic acid amide.

0. Iteration 1. lteration 2. lteration
ECFP .
(@) 4 4
NH, |:> Nz R™™SC76R HC”SC7 6 ™ NH,
R ~CH R.-CH °
R73 C a4

H
4
RDKit 0-bond paths: O C N

©)LNH2 |:> 1-bond paths:  C=C ~ C-N  C=0 c—C

2-bond paths: Cc=C-C C-C=0 C-C-N cCc-C-C cC-C=C
Figure 26: Schematic representation of the generation of ECFP and RDKit FP (top and bottom).
Modified from ROGERS and HAHN as well as Daylight Chemical Information Systems website.163.164

It is important to note that the position indices depicted in Figure 26 do not correspond
to the actual numerical identifiers. In each iteration, only the atoms highlighted in red
contribute to the updated identifiers. After all atoms in a molecule (e.g. benzoic acid
amide) are processed, their final identifiers are hashed and aggregated to construct
the ECFP. Commonly, a radius of two bonds and a fingerprint length of 512 bits are

used, although these parameters can be adjusted depending on the application.
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In contrast, the RDKit fingerprint is a path-based method that represents a modified
implementation of the Daylight fingerprinting algorithm.1% These subgraphs are then
converted into short bit arrays through a process known as hashing. In the final step,
the resulting bit arrays are processed and merged to yield the RDKit fingerprint of fixed
length. Both the ECFP and RDKit FP methods, however, have a notable limitation:
they do not inherently account for chirality.1> Although recent advancements have
introduced chirality-aware fingerprints such as MAP4C, effective utilisation of such
methods requires a sufficiently large and diverse dataset containing chiral
molecules.1% |deally, this includes both potent chiral inhibitors and their corresponding

inactive stereoisomers to facilitate meaningful SAR modelling.

At present, the project library lacks an adequate number of chiral compounds to
support the development of robust chirality-sensitive models. Moreover, as discussed
in the introduction to the first project, potent KRAS inhibitors remain scarce overall,
irrespective of their stereochemistry. Consequently, this project deliberately omits
stereochemical information and focuses exclusively on atomic connectivity.
Nonetheless, chirality-aware fingerprints such as MAP4C represent a promising future
direction in KRAS PPII development, contingent upon the expansion of available chiral

ligand datasets

2. 1QB8antitative Structur @Q@SARtiIi vity Relationst

The calculated descriptors define a multidimensional space, referred to as descriptor
space, in which each dimension corresponds to one molecular descriptor. Since each
descriptor captures a distinct structural aspect of a molecule, any compound can be
represented as a unique point within this space (Figure 27). In a labelled dataset, each
molecule is also associated with an activity measure, which is illustrated as colour
coding in Figure 27. When the activity measure is categorical, such as active (red),
moderately active (green), or inactive (blue), a classification algorithm is typically
employed. This algorithm assigns each point in descriptor space to a discrete activity
category. Conversely, if the activity measure is continuous, a regression algorithm is

applied, assigning each point to a specific value within a predefined activity range.
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Figure 27: A library of click cyctetpep is represented as points in descriptor space. Applying a
classification or regression algorithm to the obtained data points yields
individually labelled data points/molecules.

The correlation between molecular structure of biological activity, as represented within
descriptor space, is known as the quantitative structure-activity relationship (QSAR).
For any given set of molecules, this relationship can be formalised as a mathematical
function, where molecular descriptor values serve as inputs and the corresponding

activity values as outputs (Equation 2).167
"QOQI ©i QR 6 LD QL QO ®

Equation 2: QSAR models can be understood as a function of the employed descriptors.
Structure-dependent variables can be predicted by such models, i.e. in vitro assay activities.

The function that most accurately estimates activity values for a labelled dataset is
selected through a process known as fitting. At this stage, the computer has effectively
Al ear nedo tthaedatgsst.ASBRbsdguently, any unlabelled molecule, i.e. one
without an associated activity value, can be projected into descriptor space, and an
activity value can be assigned based on the learned model.

A widely used algorithm for both classification and regression tasks is the Random
Forest algorithm. This approach involves constructing an ensemble of decision trees,
often numbering 100 or more. Figure 28 illustrates a hypothetical regression decision
tree that employs some of the molecular descriptors used in this project; the specific

definitions of these descriptors are not relevant at this point.
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nN<3
MW < 300 Da | MW < 400 Da

nBondsD < 4 SlogP_VSA1 <5 NdO <2 SMR_VSA3 <10

25 1.0 54 6.1 5.8 49 2.4 7.0

Figure 28: A regression decision tree utilising some of descriptors listed in Table 8.

The training dataset, such as the project library, is recursively divided into two subsets
through a process known as recursive binary splitting. At each node, the algorithm
selects a descriptor and a corresponding threshold that minimises the variation in
activity values within the resulting subsets, relative to their mean activity. This splitting
continues until a predefined stopping criterion is met. The mean activity values of the

final subsets, referred to as leaves, are shown at the bottom of the tree.

In the case of a classification decision tree, each leaf would represent the predominant
class among the data points it contains. When generating a Random Forest of, for
example, 100 regression trees from a single dataset, many of the trees might otherwise
be very similar. To introduce diversity, each decision tree is trained on a random one
percent subset of the labelled dataset. Furthermore, during each recursive binary split,
only a random subset of the available descriptors is considered. This dual
randomisation, of data and descriptors, decorrelates the individual trees, significantly
improving the robustness and generalisability of the model.

For any unlabelled molecule, the activity prediction is obtained by averaging the
predictions from all trees in the forest.1®® However, QSAR can only identify promising
PPIIs if the screened libraries contain compounds structurally suitable for KRAS
inhibition. Without relevant chemical diversity in the input space, even the most

sophisticated model cannot predict effective ligands.

2. 1CBAaracterisation of Mol ecul ar Li braries

Understanding the composition of the project library is essential for selecting external
libraries with complementary characteristics. In the context of molecular collections,
the term chemical space broadly refers to the entirety of all conceivable molecules and
their properties.1®® A standard approach to analysing the chemical space of a given
library involves projecting a limited number of molecular descriptors into two or three

dimensions (Figure 29).17°
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Figure 29: Comparison of three molecular libraries: Approved small molecule drugs (blue),
DLiP-PPI (red) and known PPI modulators (green). Histograms of four molecular descriptors
were compared: A) MW, B) AlogP (calculated logP value)!”, C) numbers of HBA
and D) RO4 violations. Reprinted from IKEDA et al.16

In a recent study, IKEDA et al. illustrated the chemical space occupied by their DLip-
PPl library (red), comparing it to libraries of approved small-molecule drugs (blue) and
established PPI modulators (green).'® The histograms in Figure 29 highlight the partial
overlap between the chemical spaces of small molecules and PPIlls. While small
molecules typically conform to the rule of five (RO5), PPIIs tend to follow the rule of
four (RO4), though a substantial number of PPIIs in the DLiP-PPI library deviate from
the RO4, as seen in panel D. The DLiP-PPI library was intentionally designed to bridge
the gap between RO5- and RO4-compliant compounds. In general, large molecules
such as PPIIs suffer from low aqueous solubility and poor cell permeability, whereas
small molecules frequently display inadequate binding at the wide, shallow surfaces
characteristic of PPI interfaces. The authors aimed to identify compounds that combine
the most favourable features of both chemical spaces and consolidated them into the
innovative DLiP-PPI library. However, macrocycles were intentionally excluded from
this collection of small PPIIs to maintain synthetic accessibility. While this decision is
justifiable from a practical standpoint, it overlooks the significant potential of small
macrocyclic structures as KRAS PPIlls; a potential that arguably outweighs the

synthetic challenges they present.
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2. 1C%clic PieAptPirdesi | eged PPIIl Scaffold

The potential of macrocyclic scaffolds as PPIlls was briefly outlined in Section 1.1.1
The wide and shallow topology of typical PPIl binding sites has been linked to the
distinct structural characteristics of PPIlls compared to traditional small-molecule
inhibitors. This has prompted the formulation of the RO4, which define a lower

threshold of physicochemical properties associated with high affinity PPlIs (Table 1).172

Many cyclic peptides fulfil the RO4, making them well-suited for targeting protein-
protein interactions. In addition, two key structural features distinguish them as
privileged scaffolds for PPIl development. First, they are composed of AA building
blocks, which enables modular design. A diverse array of natural and non-natural AAs
is commercially available, and further specialty AA analogues can be synthesised
efficiently in the laboratory (Figure 30, left).1"3

Available Efficient Combinatorial
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Figure 30: Advantages of AA-based macrocycles: Readily available AA building blocks (left), efficient
(bio)chemical synthesis (middle) and diverse strategies for combinatorial library generation (right).

The AA building blocks can be coupled efficiently using well-established amide
coupling chemistry (middle). When employing solid-phase peptide synthesis (SPPS),
workup steps can be omitted, and on-resin cyclisation can prevent polymerisation of
the linear, bifunctional precursors.?4174 Both linear and some cyclic peptides are also
accessible through biosynthetic expression.'’ This synthetic accessibility has enabled
strategies for the combinatorial generation of cyclic peptide libraries. One such
approach, the split-and-pool method, produces mixture containing up 108 unigue cyclic
peptide sequences.’® High affinity binders are selected through target binding and
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identified via LC/MS-MS analysis. Peptide identification can also be achieved using
MRNA or phage display tags.'’"1’8 A particularly promising approach is the split-intein
circular ligation of peptides and proteins (SICLOPPS). Therein, plasmids are employed
to synthesise the cyclic peptides in the cells which contain the desired assay, which
allows for rapid screening of up 10° sequences.’®

The second key structural advantage of cyclic peptides lies in their conformational
rigidity. Compared to their linear counterparts, cyclic peptides are more
conformationally constrained, due to the amide-iminol tautomerism of peptide bonds
and transannular interactions. As illustrated in Figure 3, only specific protein:ligand
conformations are energetically favourable. Adopting these conformations results in
an entropic cost for both ligand and protein, but the entropy loss is significantly lower
for cyclic peptides. MILLWARD et al. reported a 15-fold enhancement in binding affinity
upon cyclisation.'® Additionally, the highly ordered conformations of cyclic peptides
enable them to mimic secondary structural motifs of proteins, i.e. turns, helices and
b-strands (Figure 31, left).1®! This structural mimicry facilitates high-affinity binding to
wide, shallow protein interfaces, in some cases rivalling the binding affinities of

antibodies.180
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Figure 31: Advantageous effects of cyclisation: Higher binding affinity (left), proteolytic stability
(middle) and increased membrane permeability (right). Modified from Ji, NIELSEN and HEINIS.182

protease needed surfaceslow

Cyclisation of peptides mitigates one of their key limitations, their limited serum
stability. Linear peptides composed of L-AAs are rapidly degraded by proteases under
physiological conditions, typically exhibiting serum half-lives of only 5i 30 minutes. In
contrast, cyclic peptides are far more resistant to enzymatic hydrolysis, resulting in
significantly prolonged serum stability.'®3 For instance, QIAN et al. reported a 40-fold

increase in serum half-life, from 15 minutes to 10 hours, upon cyclisation.8
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Beyond proteolytic stability, cyclisation facilitates the spatial proximity of hydrogen
bond donors (HBDs) and acceptors (HBAs), promoting the formation of stable
intramolecular hydrogen-bonding networks. This conformational constraint reduces
the polar surface area and diminishes the hydration shell, both of which are known
barriers to passive membrane diffusion. PRICE et al. demonstrated that linearisation of
the cyclic peptide cyclosporin A led to a ten-fold reduction in cell permeability.'&
However, findings on this topic remain mixed. A systematic study by KwoNn et al. on
the cell permeability of several cyclic peptides and their linear analogues found no

consistent correlation between cyclisation and increased permeability 186

The mechanisms underlying oral bioavailability and membrane permeability of cyclic
peptides remain an active area of research.'81189 These properties represent the two

most significant challenges impeding the clinical application of cyclic peptides.t®®
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2.1C¢8clic Peptide KRAS PPII s

TANADA et al. have reported the identification of a narrow region within the chemical
space of cyclic peptide KRAS PPIIs that exhibit desirable pharmacokinetic properties.
The most prominent example from their study is LUNA18 (3).23 Figure 32 presents a
curated selection of cyclic peptide KRAS PPIIs discovered over the past two decades.
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Figure 32: Selection of cyclic peptide KRAS PPlls.

The 11-mer cyclic peptide 3 stands out with an oral bioavailability of 217 47% and a cell
permeability of 2.3 x 10 cm/s. It inhibits the KRAS®1?P:SOS PPI with an ICso < 2 nM
and exhibits comparable potency in AsPc-1 cells (KRAS®?P), However, mutant/WT
selectivity was not reported. Crystallographic analysis of LUNA18 bound to KRASG120
confirmed binding at the P2 site (Figure 16), and clinical trials are currently
underway.?® The 19-mer peptide KRpep-2d (64) shows similar inhibition of the
KRASG?D:SOS PPI with an ICso = 1.6 nM, while also exhibiting a 26-fold selectivity for
KRAS®12D ogver the WT.®1 Although KRpep-2d reduces proliferation of A427 cells
(KRASC12D) at 30 uM, no effect was observed in A549 cells (KRASC1%C) 192 The
inclusion of a cell-penetrating peptide (CPP) motif (blue) in peptide 64 significantly

enhances its cell permeability; however, CPPs have been linked to adverse effects
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such as mast cell degranulation.'®® Furthermore, the disulfide bridge in KRpep-2d
contributes to plasma instability prompting the development of KS-58 (65), which binds
at P2 similarly to KRpep-2d.1941%

The 11-mer 65 inhibits ERK phosphorylation in A427 cells (KRAS®1?P) to 26.0 + 6.0 %
at 30 uM, and to 57.6 + 7.6 % in PANC-1 cells (KRAS®%?P) under the same conditions.
KS-58 exhibits 3.6-fold selectivity for KRAS®'?P over the WT, although its low water
solubility limits in vivo application. To address this, injectable nano-formulations have
been evluated.®® A structurally similar CPP motif (blue) is also present in the 11-mer
peptides cyclorasin 9A5 and 9A54 (66 and 67). Small structural modifications (red)
between peptides 66 and 67 drastically improve inhibition of the KRAS®1?V:RAF PPI
from an I1Cso = 0.12 pM to 18 nM, although this enhancement comes at the cost of a
five-fold reduction in cell permeability. Later findings suggest that compound 66
induces nonspecific protein unfolding, rather than specific binding to KRAS, a property
likely shared by peptide 67.1971199

Similarly, a stapled helix analogue of SSOSH (68) has also been shown to bind non-
specifically.’®® Compound 68, a pan-RAS inhibitor, mimics the UH helix of SOS1
(Figure 10, D, green) and reduces viability to <10% in a panel of RAS-mutant cell lines
(RA8WT/GIZC/6125’ NRAsQGlKlGBD, HRAsGlZV)_ZOO

At the opposite end of the molecular size spectrum, FUMAGALI et al. reported one of the
smallest cyclic peptide KRAS PPIlIs in 2021: the stapled 6-mer peptide 69. It inhibits
the KRAS:SOS or KRAS:RAF PPI with an ICsp = 2.4 uM and its cell permeability was
demonstrated via antiproliferative activity in NCI-H358 (KRAS®1%C) and PC9 (KRASWT)
cells at 50 pM.201

Collectively, the cyclic peptide KRAS PPIlIs presented in Figure 32 illustrate several
critical insights. Despite their extended surface interactions, peptides 661 68
demonstrate that target specificity is not guaranteed. Moreover, high-affinity
compounds like 65 often struggle with poor cell permeability and/or orally
bioavailability. While CPP maotifs offer a solution, their side effects limit their desirability,
as evidenced by peptides 64, 66, and 67. These findings define a key challenge in
peptide drug design: engineering cyclic peptides that are small and lipophilic enough

to cross membranes, yet large enough to maintain high binding affinity and specificity.
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The development of LUNA18 has yielded a preliminary set of guidelines for peptides
of comparable size. However, no such frameworks exist for smaller cyclic peptides that
lie near the upper limit of the RO5. These peptides, which remain underexplored as
KRAS PPlls, may offer untapped potential. While the stapled peptide 69 offers a
promising start, it also underscores the trade-off between size and binding affinity.
Nonetheless, this does not imply that small PPIlls are inherently inferior in binding
capability. For instance, MRTX-1133 (2, MW = 601 g/mol) successfully resides at the
upper end of the RO5 range.

Consequently, the cyclic peptide KRAS PPIIs in Figure 32 make a compelling case for
exploring cyclic tri- and tetrapeptides as novel chemical probes for the RO5-RO4
boundary of the PPII chemical space. These intermediate scaffolds positioned
between heavy small molecules and light PPIIs, potentially address KRAS in a

completely novel fashion.

2. 1SyYynthesi sTRRwaurCigsst et pep

Cyclic tetrapeptides have long been recognised as promising scaffolds for drug
discovery, although on targets other than KRAS. The main barrier to their broader
exploration is their challenging synthesis.?* Due to amide-iminol tautomerism, these
molecules experience significant ring strain, especially in 97 12 membered rings,
making macrocyclization inherently difficult. Cyclisation yields are highly dependent on
the peptide sequence, but they can be improved through various strategies, including:
) replacement of at least one amide bond by an ester bond, Il) incorporation of b- and
L-AAs and/or Gly, Ill) use of turn-inducing motifs (e.g., (pseudo)proline and
N-methylation), IV) positioning the cyclisation site to be reactive and sterically
accessible and V) choosing appropriate cyclisation reactions.?* Proline exemplifies a
turn-inducing motif that can enable reasonable yields in otherwise low-yielding
tetrapeptide cyclisations. For instance, HATU-mediated cyclisation towards the histone
deacetylase (HDAC) inhibitor chlamydocin A (70) proceeds with 56% vyield, as shown
in column A of Scheme 25.?However, prolineb6s presence al
high yields; peptide molecular dynamics in solution, affected by sequence, solvent, and

reagents, play a critical role in cyclisation behaviour.
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Scheme 25: Published cyclisation reactions towards three cyctetpep.202i204

The tyrosinase inhibitor 71, first isolated in 1993 from Lactobacillus helveticus, remains
synthetically elusive despite extensive efforts.?%> To address this, Bock et al. reported
the synthesis of the triazole analogue 72 via click cyclisation with a remarkable yield
of 70% (Scheme 25, column B). The incorporation of a triazole moiety extends the ring
to 13 carbon atoms, thereby reducing ring strain. Moreover, Cu'-catalysed azide-alkyne
cycloaddition (CUAAC) cyclisations likely involve multinuclear complexes, where Cu
nuclei bridge the gap between the azide and alkyne termini, pre-organising them for
efficient cyclisation.?%® Despite this success, click cyclisation requires two unnatural
AAs, making it less desirable for large-scale or combinatorial synthesis.
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Alternatively, peptides with N-terminal serine or threonine and a C-terminal
salicylaldehyde ester can be cyclised through imine-induced ring contraction. WONG et
al. successfully used this approach to generate a library of all-L cyctetpep, such as
cyclo-[TINA] (73), with yields in the range 61 27% (Scheme 25, column C).?% The
authors hypothesise that the imine-induced ring contraction proceeds via a
16-membered intermediate, significantly reducing the activation barrier for the
cyclisation. Computational calculations of the free energy changes during the reaction
mechanism support this hypothesis.

Importantly, the three cyclisation examples shown in Scheme 25 represent only a
small subset of the numerous protocols developed over the past two decades.?0720°
Selecting the most suitable method for synthesising a given cyclic peptide remains
largely a trial-and-error process. As such, building a comprehensive understanding of
reliable macrocyclisation strategies is essential for efficiently unlocking the potential of

this promising scaffold.
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2. 2Ai m

The second project of this thesis builds upon the SAR information accumulated in the
project library, including the data generated in the first project. The principal objective
was to develop a QSAR model capable of identifying novel KRAS PPIlIs with greater
accuracy and efficiency than conventional molecular docking methods. In parallel, the
project aimed to establish the synthetic foundation necessary for the preparation of a
derivative library based on a promising scaffold within our research group. To achieve

this, the project was structured into four sequential phases:
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A schematic overview of this project is shown in Figure 33.
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Figure 33: Schematic structure of the second project: I) Extraction of QSAR from project library and
prediction of inhibitory potencies, Il) Identification of target scaffold. Ill) Modular synthesis of target
derivatives, 1V) Testing of target derivatives.

The four phases were subdivided into a sequence of seven defined steps, which were

executed in the following order:
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2. Results and Discussi on

2. 3Chemical Abphygei s

The chemical space analysis presented in the following section was conducted
collaboratively by my colleague Sascha Koller and myself. The results are the outcome
of an equally distributed joint effort. All subsequent in silico analyses, beginning with
Section 2.3.2, were carried out independently by me. The structure and methodology
of this section were informed by established guidelines for chemical space analyses of
molecular libraries as reported in the literature.1’%21% The primary objective was to
identify regions of chemical space not yet explored by the project library. The insights
gained from this analysis are intended to guide future virtual screening campaigns and
synthetic efforts, improving the strategic coverage of relevant chemical space.

2.3.1.1 Selection of Molecular Libraries

The first step of the chemical space analysis involved the selection of suitable
reference libraries against which the project library could be compared. To ensure
comprehensive benchmarking, three types of reference libraries were chosen: a
maximally diverse library, a PPII-focused library, and a cyclic tetrapeptide (cyctetpep)
library. Structurally diverse libraries of small molecules adhering to the RO5 are widely
accessible; for this analysis, the DivSet provided by the company ChemDiv was

selected as the diverse small molecule reference.

In contrast, the PPIl chemical space remains relatively underexplored, with only a few
curated libraries available.?** Notably, the TIMBAL'® and 2P2I?° databases are either

no longer accessible or too limited in size (the latter containing only 242 compounds).

Larger and more relevant libraries such as Fr-PPIChem and DLiP-PPI would have

been ideal candidates due to their size and DLIP-P P 6 s s p e anithe R@5/RObL c u s
interface (see Section 2.1.4).1617 However, Fr-PPIChem is commercially restricted and
DLiP-PPI cannot be downloaded from its web interface.

Three smaller but accessible PPII-focused libraries were therefore considered: iPPI?1?,
Enamine PPI?13, and Reinvent PPI2, The iPPI library is an open-source project
containing published PPl modulators. The Enamine PPI library is the digital version of
a commercial PPII library curated by the company Enamine. The Reinvent PPI library
has been created entirely in silico and is not backed up by synthesised molecules.
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Among them, the iPPI library, an open-source collection of published PPI modulators,
was selected. This choice aligns with best practices for publicly funded research,
particularly the FAIR principles: Findability, Accessibility, Interoperability, and
Reproducibility.24

In addition, a custom click cyclic tetrapeptide (click cyctetpep) library was generated in
silico. Using the Konstanz Information Miner (KNIME) software, a library of all
permutations of 20 proteinogenic AAs in the click cyctetpep scaffold was created.?'®> A
detailed description of the workflow used for library generation is provided in the
Experimental Section. A summary of the libraries included in this analysis is presented
in Table 7.

Library Entries Downloaded/Created Source
Project 1208 01.04.24 LDC
ChemDiv DivSet 50 000 14.05.24 Company
iPPI 2426 14.05.24 Open source
Click Cyctetpep 152 000 19.01.24 In-house

Table 7: Molecular libraries used for the chemical space analysis of the project library.

2.3.1.2 Structure Preparation

The second essential step in any data analysis process is the preparation of the input
data, commonly referred to as structure washing. Inspired by two published structure
washing pipelines, we designed a custom, user-friendly KNIME workflow specifically
adapted to our input structures.?!21” This workflow ensures compatibility and
consistency across all molecular entries. A schematic overview of the structure
preparation process is shown in Figure 34, which outlines the pipeline in three main

steps.

Unpl:ocessed Remove Standardise Deduplicate
Library

Figure 34: Schematic representation of the library washing workflow developed in this project.

The first step involved the removal of inorganic compounds such as metal complexes,
covalent inhibitors, i.e. Michael acceptors, unnecessary attributes like chirality, and
structurally incorrect entries. Organic salts were converted to their corresponding free
bases or acids. The second step focused on standardising the molecular

representations. Since computational systems differentiate between resonance forms,
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e.g. the two resonance structures of benzene, it is crucial to define a single
representation for each molecule to ensure consistency across the dataset. In the third
step, duplicate structures were eliminated, particularly those that arose from the
removal of chirality and the unification of resonance forms. All molecular libraries used
in this project underwent the same standardised structure-washing pipeline. A detailed
description of the KNIME workflow employed can be found in the Experimental

Section. The workflow itself can be found on GitHub.?18

2.3.1.3 Comparison of Molecular Descriptors

The RO5 and RO4 comprise six molecular descriptors thatarer el evant f
binding affinity, solubility and membrane permeability. The descriptors, along with their
respective thresholds, are summarised in Table 1. As an initial step in the chemical
space analysis, the number of molecules in each library that comply with or violate the
RO5 and RO4 criteria was determined. Figure 35 illustrates the proportion of
molecules that satisfy (green) or violate (red) at least one of the RO5 conditions (left)

or RO4 conditions (right).
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Figure 35: RO5 and RO4 compliance of the molecular libraries in percent, i.e. accepted (green) and
rejected (red). Libraries from left to right: DivSet, iPPI, project and click cyctetpep.

As expected, the DivSet library exhibits full compliance with the RO5 criteria, as it was
explicitly designed for this purpose. In contrast, the other three libraries show varying
degrees of RO5 violations: 31% of the iPPI library, 26% of the project library, and 34%
of the click cyctetpep library contain at least one RO5 violation. Regarding RO4
compliance, the iPPI and project libraries contain a higher proportion of RO4-compliant
structures, at 49% and 45% respectively, compared to only 12% in the DivSet and 11%
in the click cyctetpep libraries. The similarity in RO5 and RO4 compliance between the

project and iPPI libraries is encouraging, as it supports the observed moderate to good
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KRAS PPI inhibition for several scaffolds within the project library. In contrast, the
lower-than-expected RO4 compliance of the click cyctetpep library is primarily
attributable to their low SlogP values, which are logP values calculated according to a
method published by WiLDMAN and CRIPPEN.?1%220 Figure 37 shows histograms of the
SlogP and MW distributions for the four libraries: DivSet (blue), iPPI (green), project
( ) and click cyctetpep (red).

Figure 36: Histograms of SlogP (left) and MW (right) distributions of the four libraries DivSet (blue),
iPPI (green), project ( ) and click cyctetpep (red).

The iPPI and project libraries display SlogP distributions centred around 4.5, indicating
a higher average lipophilicity compared to the DivSet library, which centres around an
SlogP of 3. In contrast, the click cyctetpep library exhibits markedly lower SlogP values,
clustering around 0, reflecting a considerably higher hydrophilicity than the other three
libraries. Interestingly, despite their low lipophilicity, the click cyctetpep compounds fall
well within the typical molecular weight range for PPIlls. This suggests a higher
proportion of heteroatoms contributing to their overall molecular weight compared to
the other libraries. This trend is further supported by the H-bond acceptor (HBA) and
H-bond donor (HBD) distributions, as shown in (Figure 37).
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