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i.Abstract

The CXC chemokine receptor 2 (CXCR2) is a key mediator of the
inflammation response, for example it regulates neutrophil migration and
activation in a number of inflammatory-based disorders. CXCR2 inhibition
is a potential strategy for the treatment of several pulmonary diseases, such
as chronic obstructive pulmonary disorder (COPD) and asthma, and through
its expression on various tumour cell types CXCR2 is also a candidate cancer
target. The interaction of large endogenous chemokine peptides (including
CXCLS / interleukin 8 (IL8)) at the orthosteric binding site is a complex,
multi-step process which presents significant challenges when designing
small molecule competitive orthosteric antagonists. This has led to the
development of CXCR2 allosteric modulators targeting an intracellular
pocket near the C-terminal of the receptor, formed by the transmembrane
domains overlapping the G-protein binding site. Navarixin (2) is an
intracellular negative allosteric modulator (NAM) belonging to the 3,4-
diamino-3-cyclobutene-1,2-dione class and it exhibits sub-nanomolar
potency and selectivity for CXCR2 over the related CXCR1 subtype. Our
understanding of the binding and mode of action of navarixin and other
CXCR2 NAMs has been limited by the availability of suitable tracer ligands
for competition studies, that allow convenient direct measurements of ligand
binding. Here we report the rational design, synthesis and pharmacological
evaluation of a series of fluorescent NAMs, based on navarixin (2), which are
the first examples of ligands able to bind to intracellular binding sites of
CXCR1 and CXCR2. These novel fluorescent ligands display high affinity
and selectivity for CXCR2 over CXCRI, and, notably, they can be applied in
both NanoBRET assay formats in whole cells or membranes and in
fluorescence imaging. We also demonstrate that the NanoBRET binding
assay using these fluorescence probes is capable of direct measurement of the
affinity of unlabelled NAMs acting at the intracellular site, thus providing a

platform to screen for alternative chemophores targeting these receptors.
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Chapter 1. General Introduction

1.1 Chemokines

Chemokines are small 8-12 kDa proteins'? containing 1-3 (usually 2)
disulfide bridges.® They all share very similar tertiary structures* although
their sequence homology is highly variable (20-90%)* Around 50
chemokines have been identified in humans® and they are subdivided into
families, according to the position of the first two closely paired and highly
conserved cysteine residues.! The C-C family, where the first two cysteines
are adjacent, the C-X-C family, in which the two first cysteines are separated
by one amino acid and the C-X3-C family, where there are 3 amino acids
between the first two cysteines.”® CXC chemokines are further grouped in
two classes according to the presence of the motif glutamic acid-leucine-
arginine (ELR) in the N-terminal region: ELR" chemokines, specific for
myeloid cells and ELR- chemokines, which attract a variety of leukocytes®.
Chemokines are chemotactive cytokines’, responsible for inducing
chemotaxis, a cell movement in response to a chemical gradient. They are
secreted by cells that are involved in the regulation of the inflammatory
response.®® In addition, they are involved in lymphoid organ development, T-

cell differentiation and tumor cells metastasis.*¢

1.2 Chemokine receptors

1.2.1 G-protein coupled receptors (GPCRs)

Chemokine receptors belong to the G-protein-coupled receptors (GPCRs)
family, the largest family of protein targets of approved drugs.!® In fact,
approximately 35% of marketed drugs act at a GPCR!? since these receptors
are involved in the modulation of almost all aspects of human physiology,
including having significant roles within the cardiovascular and central

nervous system, and therefor are involved in a variety of pathological
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conditions. GPCRs within the human genome can be classified into five
families, based on sequence homology and functional similarities: class A
(rhodopsin-like family), class B (secretin family), class C (metabotropic
glutamate family), adhesion family and frizzled family.'!:!?

GPCRs are integral membrane proteins that contain seven transmembrane
(TM) o-helices'? connected by three extracellular loops (ECL1-3) and three
intracellular loops (ICL1-3), an extracellular amino N-terminus and an
intracellular carboxyl C-terminus of different lengths.!! Upon stimulation,
GPCRs activate heterotrimeric guanine nucleotide-binding G proteins

consisting of an a-subunit and a By-complex subunit.!?

The natural ligand
binding to the GPCR leads to the recruitment of the partner heterotrimeric G-
protein and promotes the exchange of guanosine diphosphate (GDP) for
guanosine trisphosphate (GTP) on the alpha subunit leading to the
dissociation of the G-protein into the Goa. subunit bound to GTP and the Gfy-

813.14 which can then modulate various downstream effector

complex
proteins. !

Chemokine receptors belong to the rhodopsin-like family of G-protein-
coupled receptors (GPCRs).® They are predominantly coupled to the Gi class
of G proteins, the most important G protein subfamily expressed in
neutrophils.® The natural ligand binding to the GPCR leads to the recruitment
of the partner heterotrimeric Gi-protein and promotes the exchange of GDP
for GTP on the alpha subunit leading to the dissociation of the G-protein into
the Ga subunit bound to GTP and the GBy-complex.®!*!* The dissociated a.-
subunit inhibits the enzyme adenylyl cyclase, resulting in a decrease of
intracellular cyclic adenosine monophosphate (cAMP) levels and cAMP-
dependent protein kinase activity.»!® The By-complex may have its own
signalling functions. The most notable of these is its role in activation of the
RAS-Raf-MEK-ERK pathway which facilitates extracellular signal related
kinases (ERK) and phosphatidylinositol-3-kinase y (PI3Ky) phosphorylation
and activation.®!*!718 ERK is a key component of the Ras-Raf-MEK
signalling pathway and, along with PI3K, appears to play roles in promoting
chemotaxis (towards areas of high chemokine concentration), proliferation,

inflammation and cell survival.®!%!7-18 Additionally, Gi coupled receptors can
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regulate calcium levels through By-mediated activation of phospholipase C 3
(PLCPB), since PLC generates inositol trisphospate (IP3), which mobilizes
calcium from intracellular, non-mitochondrial stores, and diacylglycerol
(DAG) which acts in conjugation with calcium to activate various isoforms
of protein kinase C (PKC). Subsequently this leads to a series of additional

signalling events and subsequent cellular responses'® (Figure 1.1).

GDP-{ /
e @\
TN
] ) & e
Lo @
[w] (=) G |

l Calcium

@ signalling

vV
Survival
Membrane trafficking
Calcium signalling

Apoptosis

Figure 1.1: G,-GPCR Chemokine receptor signalling. Image modified after

Stadtmann et al. 2012.% AC, adenylyl cyclase; AKT, protein kinase B; Ca2*t ,
calcium; cAMP, cyclic adenine monophosphate; DAG, diacylglycerol; ERK,
extracellular signal-regulated kinase; IP3, inositol triphosphate; MEK,
mitogen-activated protein kinase; PI3K, phosphatidylinositol-3-kinase; PKC,
protein kinase C; PLCP, phospholipase C beta; Raf, rapid accelerated
fibrosarcoma kinase; RAS, rat sarcoma kinase. RAS-Raf-MEK-ERK
pathway known as mitogen-activated protein kinase (MAPK)/ERK pathway.

Image created with BioRender.com.

17



GPCR signalling is also controlled by GPCR kinases (GRKs) and B-arrestins
1 and 2 which mediate receptor desensitisation.!>!*2° The chemokine agonist
binding to the receptor induces GRKs to phosphorylate the intracellular loops
and/or carboxy terminal of the receptor!® which promotes the binding of
arrestins which sterically inhibits the interaction of the receptor with the G-
protein.! This leads to reduction or prevention of the receptor signalling.'®
Furthermore, the GRK-arrestin system triggers the -clathrin-mediated
internalization of inactivated receptors and their subsequent degradation or
resensitisation.!?! The desensitisation via arrestin binding and removal of the
receptor from the membrane causes the continue agonist presence to no
longer produce a functional response?®?. B-arrestins not only possess a role in
receptor desensitisation and inactivation but can also activate signalling
proteins such as mitogen activated protein kinase (MAPK), extracellular

signal-regulated kinase (ERK)1/2 and Janus kinase (JNK)!*23-%> (Figure 1.2).
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Figure 1.2: Schematic summary of the role of GRKs/arrestins in activation,
signalling, and desensitisation of GPCRs in the immune system. Image
modified after Vroon ez al. 2006."° GRK, GPCR kinase; JNK, Janus Kinase;
MAPK, mitogen-activated protein kinase; NFkB, nuclear factor kappa B;
PLC, phospholipase C; PI3K, phosphatidylinositol-3-kinase. Image created

with BioRender.com.

1.2.2 Pharmacological analysis of ligand action at GPCRs

GPCRs act as molecular switches as the receptor (R) and the drug (D) exist
in a dynamic equilibrium between unbound, inactive and active state
(equation below where R is the unoccupied receptor, DR is the occupied but
inactive receptor and DR* is the active receptor).
D+R = DR = DR”

The ligands binding the GPCR are defined according to where they bind the
receptor. They can be orthosteric ligands, binding the receptor at the
orthosteric binding site, typically where the native ligand binds, or allosteric
ligands, which bind the receptor in a site distinct from the orthosteric site. The

affinity of a ligand consists in its ability to bind the receptor (D + R = DR),
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while the efficacy is the ability of a bound ligand to activate the receptor
(DR = DR*)**?7 and, in the case of a GPCR, to activate the secondary
effector proteins such as G-protein and arrestins. The affinity is dependent on
these forward and reverse rates of interaction: D + R = DR. They are
described by the law of mass action as association rate constant (kon) and
dissociation rate constant (ko). At equilibrium, the forward and reverse
binding rates are equal and the receptor affinity of a ligand is represented by
the equilibrium dissociation constant (Kp) which is defined by the ratio of
dissociation rate constant and association rate constant (Kof/ Kon). Moreover,
as described by the Hill-Langmuir equation?®?°, Kp is related to the
proportional receptor occupancy alpha (o) and to the drug concentration by:

_ _[p]
Y= Dlvkp

Kp can also be defined as the concentration of the drug to occupy 50% of the
receptors, where Kp is equal to the concentration of the drug when o = 0.5.
The equilibrium dissociation constant is a fundamental measure for the
affinity of a drug, but the binding kinetics constants (kosr and kon) have been
increasingly recognized as important indicators of drug properties. In
particular, the binding kinetics of a drug can influence the duration of action,
and in the case of a slow dissociation rate from the receptor, can change the
observed mode of action.’%!

GPCRs ligands are also categorised by the effect that they exert on the
receptor. Agonists are ligands that bind at the orthosteric binding site and
activate the receptor. They can be full agonists, producing a maximal signal
response, or partial agonists, producing a lower maximal response compared
to a full agonist.>? Antagonists are ligands that bind the receptor either on the
orthosteric binding site or on an allosteric site and block agonist signalling.
Inverse agonists exert the opposite effect with respect to the agonist by
stabilizing the inactive conformation of the receptor and suppressing
spontaneous constitutive (agonist-independent) signalling.®* Differently from
binding affinity, the efficacy of a drug is more challenging to define
experimentally and is often measured from functional downstreaming
signalling.’?** The two-state model** simply describes the activation of DR

complexes by modelling the receptor as a switch transitioning between active
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and inactive states upon agonist binding, but it is experimentally challenging
to estimate individual affinity and intrinsic efficacy parameters for most
receptors.? The relative maximal response of a drug is influenced by its
intrinsic efficacy but is not a direct measure of it due to variations in
experimental measures of maximal response, introducing a system dependent
factor. Additionally, the derivation of agonist efficacy is further complicated
as the functional response arising from drug-receptor activation may not
require full receptor occupancy to reach the maximal functional response. In
this case, the concentration of drug required for 50% maximal response
(ECso), or potency of the agonist, will be lower than the measured Kp, with
the presence of receptor reserve in the system. Downstream signal
amplification can further complicate things as a response from a partial
agonist can be amplified to a maximal response, causing it to appear as full
agonist.>

The activation of the drug-receptor (DR) complex relies on a conformational
change of the complex itself.>* When this theory is applied to GPCRs it is
necessary to incorporate the agonist-mediated recruitment of intracellular
effectors to the receptor. The agonist bound GPCRs stabilises effector binding
allosterically. This model, built on the classical two state model**, is described
as the ‘ternary complex model’3® and it takes into consideration the three-way
interaction happening at GPCRs. When a ligand binds to the GPCR it causes
a conformational change of the receptor which allow an active state to be
stabilized and the coupling with the G-protein, with the formation of the
ternary complex.® This model was evolved further due to the presence of an
effector bound to the receptor promoting an increase of agonist binding
affinity through formation of a ‘“high-affinity state”. Additionally, this
evolution incorporated the ability of GPCR constitutively active, meaning
that it can adopt an active conformation even in the absence of an agonist as
a result of effector coupling’’ leading to the generation of the ‘extended
ternary complex model’.*® This model was further modified into the ‘cubic
ternary complex model” which incorporates the thermodynamic interactions
between the receptor and the G-protein in the absence of an agonist®.
Although this final model is the most complete theoretically, its complexity

limits the possibilities of experimental applications and it is not a complete
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model of GPCRs interactions since the activated receptor can exist in several
active conformational states'*> and the model does not consider this
observation. Ternary complex models consider the influence of the effector
binding to the receptor on ligand binding and vice versa. These effects can be
defined as “cooperativity” factors and they can be either positive or negative
whether the effector increases or decreases the affinity of the ligand for the

receptor complex.*

A. A+R 2AR +G = ARG

B. A+R = AR"+G = ARG
112 I 12
A+R+G = A+ R*"+G = A+R'G

C. ARG AR G

(04

AR

(04

R R;

o 1

Figure 1.3: Ternary complex models describing interactions between
receptors (R), agonists (A) and G-proteins (G). A) Original ternary complex
model*®. B) Extended ternary complex model incorporating constitutively
active receptors (R*)37-3. C) Cubic tertiary complex model. Receptor exists
either bound to a ligand (A) and/or a G-protein (G) and existing in an active

(Rq) or inactive state (R;).>” Image adapted from Weiss et al. 1996.%°
Chemokine receptors bind chemokine ligands, which results in a downstream

cellular response. Chemokine receptors are composed of 340—-370 amino acid

residues and they share 25-80% homology.*® They all share several structural
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characteristics: the N-terminal domain (where the chemokines bind), a
conserved sequence of 10 amino acids in the second intracellular loop, a
characteristic cysteine within each extracellular domain, and a short basic
third intracellular loop.*® Similarly to chemokines, chemokine receptors are
grouped into three families: ten receptors belong to the CC-chemokine
receptors (CCRs), seven belong to the CXC chemokine receptors (CXCRs)
and one to the CX3C chemokine receptor family (CX3CR).® CCRs are
expressed on cells involved in allergic reactions including basophils,
eosinophils, lymphocytes, macrophages and dendritic cells while CXCRs are

mainly present on neutrophils and lymphocytes.®

1.2.3 CXC Chemokine receptor 2

CXC receptor 2 is a Goai-coupled receptor expressed on neutrophils,
lymphocytes, mast cells, monocytes, alveolar macrophages*!, keratinocytes,
eosinophils, endothelial and epithelial cells.®*? CXCR2 mediates several
effects including neutrophil chemotaxis, integrin expression and activation,
which leads to cell motility, polarization, respiratory burst, phagocytosis,
proliferation and apoptosis®, calcium mobilization and angiogenesis.*?
Several chemokines bind CXCR2, CXCLS8 (or IL8) is the most potent ligand
that binds this receptor in humans and other ligands are CXCL1, CXCL2,
CXCL3, CXCL5, CXCL6 and CXCL7* (Figure 1.4). CXCLS is part of the
ELR" CXC chemokines family.
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Figure 1.4: Overview of chemokine receptors (vertical) and their ligands
(horizontal). An open circle indicates the specific ligand binds to the receptor
connected to it by a black line.*> Human chemokine receptors (XCRI to
CX3CR1), chemokine decoy receptors (D6 to CCX CKR) and viral
chemokine receptors (US28 to U51).** Image taken from Scholten et al.
2012.4

The interaction between CXCL8 and CXCR2 is complex.** Chemokine-

243 First, the chemokine binds

receptor binding occurs in a two-step process.
to the N-terminus and extracellular loops (ELs) of the receptor.* In the second
step, the flexible N-terminus (triggering domain) of the chemokine is
positioned in a way that it interacts with a second site of the receptor, formed
by parts of the ELs and/or TM domains, resulting in receptor activation.*
This complex two-step CXCR2-CXCLS binding has been elucidated through
the release of two cryo-electron microscopy structures (PDB: 6LFO and
6LFM)* by Liu et al. in 2020. The chemokine initially interacts with the N-
terminal of CXCR2 through the chemokine-recognition site 1 (CRS1).4> The

N-terminal of the chemokine interacts with the transmembrane pocket and

extracellular loop (ECL) domains of the receptor.*> The first 25 residues of
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the receptor N-terminus therefore have a crucial role in the initial recruitment
and binding of CXCL8.% This was confirmed by the different activities in
effector recruitment by CXCLS8 in a B-arrestin 2 recruitment assays
employing N-terminally truncated variants of CXCR2.% At first, CRSI is
responsible for CXCLS8 recruitment, then the interaction with CRS2 activates
the receptor.*~#” The main interactions are formed between the Gly-Pro (GP)
motif in the 30s-loop of CXCR2 and the ELR motif from the CXCL8 N-
terminus.*> The ELR motif from the CXCL8 N-terminus interacts with
chemokine-recognition site 2 (CRS2): Arg6 and Leu5 establish hydrophobic
interactions and hydrogen bonds that function as anchor points to stabilize the
N-terminus of CXCLS8.* The hydrogen bonds formed by the carbonyl
oxygens of Leu5 and Glu4 of CXCL8 and Tyr1975¢t2 of CXCR2 induce a
conformational change of ECL2 that initiates the activation.** The driving
force for activation, consisting of the inward movement of the extracellular
portion of TMS5, are the electrostatic interactions and H-bonds between Glu4
of the ELR motif and Arg208°3 (superscript indicate Ballesteros-Weinstein
numbering for GPCRs*®), Arg212°3? and Arg278%%% in the major subpocket
of CXCR2.* The conformational change of TMS5 induces the rotation of
Pro223>° and the rearrangement of the proline-isoleucine-phenyalanine
(PIF) motif and the outward swing of TM6.* The activation of CXCR2 also
includes conformational changes of the aspartic acid-arginine-tyrosine
(DRY) and asparagine-proline-x-x-tyrosine (NPxxY) motifs, a common

characteristic of class A GPCRs activation.*’
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Figure 1.5: The N-terminal region of CXCR2 forms a large contact surface
with CXCLS8 (red) in CRSI1. The N-terminus of CXCL8 forms extensive
interactions with the CXCR2 helix bundles in CRS2. Image taken from Liu
et al. 2020.%

1.3 The role of CXCR?2 in pathological conditions

CXCR2 plays a critical role in the regulation of neutrophil homeostasis®*’
and in their release from the bone marrow.*->° The excessive extravasation of
leukocyte is associated with a worsening of acute and chronic inflammatory
diseases and the deterioration of the integrity of the organism®°’, therefore
the regulation of leukocyte recruitment is crucial. In addition, CXCR2
activation is involved in angiogenesis and plays a vital role in the tumour
microenvironment and growth.’!*23% For these reasons, CXCR2 and its
ligands are implicated in a variety of diseases with inflammatory

8,42 ;

components®** including lung diseases, cystic fibrosis and cancer.

1.3.1 Pulmonary diseases

CXCR2 is expressed on many structural (epithelial and endothelial cells) and

inflammatory cells in the lungs, it mediates several pulmonary responses and
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it is involved in a series of pulmonary diseases.’
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Figure 1.6: Functional role of CXCR2 receptors on structural and

inflammatory cells in the lung. Image taken from Chapman et al. 2009°.

1.3.1.1 Chronic obstructive pulmonary disease (COPD)

Chronic obstructive pulmonary disease (COPD) is one of the largest causes
of death in most countries®* and it is considered a major incurable global
health burden.> It is a progressive, irreversible disease characterised by
chronic airway inflammation and structural remodelling. The airflow

limitation is progressive and associated with an abnormal inflammatory
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response.®>*¢ The characteristic symptoms of COPD are chronic and
progressive dyspnea, cough, and sputum production.>* The primary cause of

COPD is cigarette smoking®6-%

which acts as a trigger in stimulating
damage of epithelial cells and tumour necrosis factor-o. (TNF-a) production,
leading to sustained lung inflammation and proteolysis of the extracellular
matrix.’>** TNF-a causes the migration of monocytes, macrophages and
neutrophils to the airway epithelium.® Macrophages and epithelial cells
produce CXCL8 which causes neutrophil degranulation, respiratory burst and
free radical release, causing epithelial damage.>%!
As chronic bronchitis is associated with an increased recruitment of
leukocytes and excess mucus secretion in the airways, it is not surprising that
elevated levels of C-X-C and C-C chemokines have been detected in the
bronchoalveolar lavage (BAL) fluids of COPD patients.®>7 It has also been
noticed that patient exposure to cigarette smoke increases CXCR2

7 In addition, patients with severe acute exacerbations

expression.’
(AECOPD), mostly associated to bacterial or viral infections which enhance
lung neutrophil inflammation®®, have significantly increased numbers of
neutrophils and this is associated with increases in CXCL5, CXCL38, and
CXCR2 but not in CXCRI1 expression.®>6> No disease-modifying
medications for COPD exist at the present time. Current therapy consists of
inhaled anticholinergics, B-adrenergic bronchodilators and corticosteroids®,
used to treat the symptoms and exacerbation of the disease.” AECOPD is
correlated to significant morbidity and mortality and the treatment with
inhaled glucocorticoids fails to avoid disease progression.’*%%* Since
CXCR2 is involved in the inflammatory events occurring in the disease?®, its
inhibition may be a possible therapeutic approach for COPD.% Receptor
blockage could result in the reduction of neutrophil-mediated lung tissue
destruction.®® CXCR2 blockage has been tested in animal studies using
different COPD models and this approach resulted in mucus hypersecretion
inhibition.>%¢ Small molecule CXCR2 antagonists are currently under
evaluation for COPD treatment (compounds 2 and 3 [Figure 1.7] and
compound 7 [Figure 1.8]).%>%67-72 They show promising anti-inflammatory

effect in mice models of COPD***’, reduced leukocyte and neutrophil
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numbers and CXCLS8 concentration in sputum.®®’* Additionally, they show
reduced neutrophil migration and activation in the lung.”®’* Unfortunately
dose-related discontinuations were observed for some drugs due to absolute

neutrophil count (ANC) decrease.®”7!

1.3.1.2 Asthma

Asthma is a common inflammatory lung disease characterized by recurring
episodes of acute, reversible airflow obstruction, bronchial
hyperresponsiveness, bronchospasm, mucus overproduction and chronic
eosinophilic lung inflammation.®%7> The standard therapy for mild to
moderate asthma consists of treatment with inhaled corticosteroids and -
adrenergic bronchodilators.® On the other hand, severe asthma, occurring in

7678

approximately 10% of patients’®’°, mainly characterized by a predominantly

892 poorly

neutrophilic inflammation of the lungs with airway remodeling
responds to this therapy.®*7¢78 It has been reported that an increase in sputum
CXCL38 precedes the exacerbations of acute asthma®?7%-80 and that in severe
asthmatic patients there is a positive correlation between ELR" CXC
chemokines and the presence of neutrophils in the lungs.®?6%7 Moreover,
CXCR?2 plays an important role in the response to viral and bacterial lung
infections which contribute to the frequency of asthma exacerbations.?%-81-83
CXC chemokines and CXCR2 also have arole in the formation of new vessels

8.9.52 which is linked to the increased vascularization of the airway

in the lungs
mucosa, a characteristic of human asthma.®® In addition, CXCR2 expressed
on airway smooth muscle cells, may also be involved in development of
bronchial hyperresponsiveness in asthmatic patients since there is the
possibility that it is involved in the contractile responses of airway smooth
muscle.?%8% Considering all the above information, it is clear CXCR2 and
CXC chemokines play a relevant role in lung inflammation and in the

histopathology of severe asthma.” CXCR?2 inhibition may therefore have an

important therapeutic contribution in this pathology.>®
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1.3.1.3 Cystic fibrosis

Cystic fibrosis (CF) is the most common, life-shortening, genetic disease in
Caucasians.® Tt is inherited in an autosomal recessive manner and it is
characterized by airway obstruction, infection and progressive
bronchiectasis.®® It is caused by a mutation in the cystic fibrosis
transmembrane conductance regulator (CFTR) gene, responsible for the
encoding of a cAMP-dependent chloride channel regulating the mucociliary
clearance in the airways.>®” CTRF absence leads to abnormal transport of
chloride and sodium across the epithelium, thick and viscous mucus
production, loss in lung mucociliary clearance, recurrent lung infections,
hypertrophy and hyperplasia of mucus secreting cells and airways
obstruction.®%87 Patients with CF experience declining pulmonary function
related to chronic airway inflammation, primarily of neutrophilic nature.”3®
The degree of inflammation is excessive and this contributes significantly to
the pathophysiology of CF.% Studies with ibuprofen®, systemic steroids!
and azytromycin®>?* have been performed but no anti-inflammatory therapy
has been shown to effectively reduce airway inflammation markers.®> The
inflammation results from epithelial and immune cell secretion of
proinflammatory mediators that promote neutrophil influx into the airways.*8
This is confirmed by the presence of high levels of CXCL8 in BAL, sputum
and serum of CF patients®** and by the presence of high concentration of
neutrophil elastase in CF patients respiratory secretions.®%® Moreover,
studies demonstrated an inverse relationship between lung function and

95-97 In

sputum levels of CXCL8, neutrophil counts and neutrophil elastase.
addition, it has been shown that the CXCR2 gene is upregulated in neutrophils
extracted from the airways and blood of CF patients.””® As previously stated,
CXCR2 has a role in mucus hypersecretion and proliferation of mucus
secreting cells and, for these reasons, it is likely that this receptor is involved
in CF pathophysiology due to the high neutrophil / CXCL8 environment
promoting CXCR2 overactivation.’ It must be taken into consideration that
neutrophils are crucial for the antimicrobial response in the lungs but, from

recent studies, it has been shown that CXCLS8 promotes bacterial killing by
neutrophils through CXCR1 but not CXCR2.%° This information and studies
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in primates!®, suggest that the blockage of CXCR2 should not affect the

8,9,100

innate host defense against pathogens and consequently, this may be a

viable approach for CF treatment.

1.3.2 Cancer

Cancer is one of the leading causes of death worldwide!?! and the
carcinogenesis process is extremely complex!??, arising from the
accumulation of mutations that develop due to damage to the genome.'® Our
understanding of cancer at the molecular level has progressed over the years,
and novel targets for therapeutic intervention and treatment developments
have been identified which can lead to an improvement in patient

102

prognosis.'”* CXC chemokines and CXCR1/2 are increasingly recognized to

be involved in the process of tumour development process!®?

since they
activate multiple signalling pathways which regulate cell survival and
migration.’! Furthermore, they play a role in the recruitment of neutrophils to
inflammatory sites and the tumour microenvironment since they are
implicated in driving angiogenesis in tissue.>! Chronic inflammation, mainly
caused by extensive neutrophil infiltration into the tissue, is considered to be
closely correlated with cancer initiation.’! Increased expression of CXCL8
has been identified in various cancers', such as breast cancer!%, lung cancer,
especially in non-small cell lung cancer (NSCLC)!96:197  prostate cancer!'%4,
colorectal carcinoma!®, pancreatic cancer'®®, renal cell carcinoma, and
melanoma.>!-197:10%.119 Gjyen that high expression of CXCLS and its receptors
is associated with tumorigenesis and progression of tumours, these factors
could be used as biomarkers in screening and in determination of the

9

prognosis.!® Moreover, CXCR2 effect on migration, invasion and

angiogenesis, has been associated with the progression of different cancers

111,112 110,113
2

such as lung cancer melanoma , prostate cancer'!*, breast

cancer!1>"117 hepatocellular carcinoma''8, laryngeal carcinoma!!®, pancreatic

0

cancer!®®, colorectal cancer'?’ and ovarian cancer.'?"-'?> CXCR2 has been

111,112

found to be upregulated in lung cancer and its involvement in increased

neutrophil infiltration as a result of the immune response is linked to poorer
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outcomes in patients.!?>!24 Similarly, elevated expression of CXCR2 and
CXCLS8 has been detected in prostate cancer patients.!? In breast cancer,
CXCR2 expression has been shown to be higher in malignant cells compared
to benign cell samples!!® and the receptor has been shown to be implicated in
the bone metastasization process.!?® A higher expression of CXCR2 was also
observed in patients with advanced colorectal cancer!?’ and it has been
associated with greater metastatic potential of the tumour cells.!?
Additionally, ovarian cancer cells frequently overexpress CXCR2 which
reduces apoptosis and promotes growth through enhanced angiogenesis.!'?!
The involvement of CXCR2 in tumour progression has been widely assessed
and its inhibition could therefore have anti-tumorigenic effects. Small-
molecule dual antagonists of CXCR1/2 exerted anti-tumour activity in
xenograft models of breast cancer!?, colorectal cancer!?’, melanoma'?® and
murine models of pancreatic cancer.'*! CXCR2 inhibitors are also in clinical
trial studies under evaluation for cancer treatment.!? Based on all these
considerations, targeted inhibition of CXCL8 and CXCRI1/2 may be an
effective approach to explore in the targeted molecular therapy for tumours!®
but due to the complexity of the tumor microenvironment, it is unlikely that

a single CXCR?2 inhibitor would be curative.!??

1.4 CXCR2 antagonists

CXCR2 is an attractive target in therapeutics due to its involvement in several
pathologic conditions presented previously in this chapter. As previously
introduced, the inhibition of inflammatory cell recruitment may be an
appropriate strategy in a number of inflammatory-based diseases!'?* such as
COPD, asthma, cystic fibrosis and some types of cancers. Inhibition of
CXCR2 prevents CXCL8 induced neutrophil chemotaxis in vitro and
sequestration in vivo'** and, since it is mediated predominantly by CXCR2,
this suggests that CXCR1 does not play a crucial role.!*® For this reason, the
search for selective antagonists of CXCR2 has been extensive and has led to

different classes of antagonists.’®!34-13¢ Considering that the binding at the
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5 and difficult to mimic with a small

chemokine binding site is complex*
molecule, an alternative allosteric pocket has been discovered and negative

allosteric modulators have been develop to block CXCR?2 signalling.!3’

1.4.1 CXCR2 intracellular allosteric binding pockets and

allosteric antagonists acting at this site

Two different antagonist allosteric binding sites, interacting with different
classes of allosteric modulators have been identified on CXCR2. The first site
has been identified from mutagenesis studies on CXCR1, the closest homolog
to CXCR2 (77%).13%13% A hydrophobic channel defined by helices 1, 2, 3, 6,
and 7 in the TM domain has been characterized'*® as an allosteric binding
pocket for imidazolypyrimidine class of CXCR2 antagonists.'#? This class of
ligands, which includes Repertaxin (1, Figure 1.7), inhibits both CXCR1 and
CXCR2 showing lower potency in the inhibition of the latter.!3° The second
non-peptide allosteric antagonist binding site is on the intracellular side of
CXCR2.#? 3,4-Diamino-cyclobutenediones compound such as Sch527123
(navarixin, 2), urea compounds such as SB265610'#! (3), and Pteridone-1 (4)
bind the receptor in this region*>!*° (structures shown in Figure 1.7).
Mutagenesis studies have been conducted to clarify the amino acid residues
crucial for binding and for selectivity of CXCR2 over CXCR1.*> These
studies suggest that the C-terminal region, amino acid residues 302-320,
plays a prominent role in the interaction with the allosteric modulators.*? In
particular, lysine 320%%° was identified as a key residue for receptor
selectivity.*>!3 Other crucial residues for binding are tyrosine 31473 and
aspartic acid 8424013 Similar allosteric binding sites have since been
structurally identified in other GPCRs such as 32-adrenoceptor, CCR2, CCR9
and CCR7 and EP,.'%7'% This suggests the existence of a putative

intracellular binding site among GPCRs.
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Figure 1.7: Structures of Repertaxin (1), Navarixin (Sch527123, 2),
SB265610 (3), Pteridone-1 (4) and 00767013 (5).4>139-141

GPCR allosteric modulators are molecules that interact with binding sites that
are distinct from the orthosteric site, where the endogenous ligands bind.!'#’
They can fine-tune the classical response of the receptor because of their
ability to modulate its conformation in the presence of the natural ligand!¥’
and to modulate the binding and/or signalling properties of the orthosteric

site. 14

An allosteric antagonist is an allosteric modulator that reduces
orthosteric ligand affinity and/or orthosteric agonist efficacy.!*’ CXCR2
intracellular allosteric modulators can act in this classical allosteric mode,
reducing the receptor affinity of the chemokines, or they can prevent the
formation of the ternary complex with the G-protein.*® Many of the residues
crucial for the binding of CXCR2 intracellular allosteric antagonists are
located close to the G-protein binding site or to the region of the receptor
responsible for the transduction of the signal.!*® In particular, it has been
shown that the binding of Sch527123 (2) and SB265610 (3) were affected by
the mutation of Asp8424°, located in the DRY motif of the receptor and by
the mutation of Tyr3147-3 in the NPXXY motif.!** These motifs are

148

conserved among GPCRs'*® and they play a role in GPCR activation, G-
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protein coupling, receptor internalization and signalling.!*¥-15° Moreover, the
antagonists prevented receptor activation without affecting the agonist
binding affinity.!* These data suggested that their molecular mechanism may
be via a competitive interaction with the G-protein as their binding sites
overlap. The structural basis of the allosteric mechanism of these modulators
has been elucidated by Liu et al. with the publication of the X-ray crystal
structure of CXCR2 bound to the NAM 00767013 (5) (PDB ID: 6LFL).* The
antagonist is shown to sterically interfere with the binding of the G-protein to
CXCR2 since the binding site of the NAM overlaps with that of the G-protein.
The hydrophobic side chains of the Goi subunit are directed towards the
hydrophobic pocket of the receptor formed by the cytosolic ends of TM3,
TMS5, TM6 and TM7, lined by Ile148%%3, Leu238>%, Val25263, 11e2536-37
and I1e3177°¢4° with similar interactions to those observed previously in other
receptors binding Gaui.!>1-15% Moreover, the NAM restricts the conformational
changes of TM6, TM3 and TM7 required for receptor activation.*> The small
molecules analysed by Salchow et al., acting at this intracellular allosteric site
of CXCR2, Pteridone-1 (4), SB265610 (3) and Sch527123 (2) share some
common features. An acidic center, able to interact with the basic Lys32034
residue of the receptor through ionic interactions'*® and an hydrophobic side
chain or a combination of H-bonding core and side chain.'** Moreover, since
these molecules require intracellular access, lipophilicity is a key determinant
for the diffusion across the cell membrane.*>!3° The partition coefficient
(logD) at pH 6.8 was calculated by Salchow ef al. to be greater than 2.5 for

all the three antagonists in the study.!®

1.4.2 Urea-based CXCR2 receptor antagonists

The first example of small-molecule CXCR2 receptor antagonist was
reported in 1998 by SmithKline Beecham (currently GlaxoSmithKline).!3?
Since then, there have been considerable efforts to identify additional classes
of CXCR2 antagonists throughout the pharmaceutical industry.!*” The first
molecule identified by SmithKline Beecham (SB225002, 6, Figure 1.8) was
part of the diaryl urea-based CXCR2 receptor antagonists. SAR on this class
of compounds established the phenolic OH and the NH’s of the molecule as
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key ionizable elements required to retain receptor binding affinity.!>> Another
compound belonging to this class is SB265610'4! (3, Figure 1.8), where the
phenol group of compound 6 was replaced with a bioisostere to improve its
pharmacokinetic properties and reduce the rapid glucuronication of the
phenolic moiety.'*” Compound 3 possesses selectivity for CXCR2 over
CXCR1"8, inhibits CXCL8-induced chemotaxis in vitro and significantly
inhibits neutrophilia in in vivo models of inflammation.'>” To further enhance
the pharmacokinetic profile of the compounds, an electron-withdrawing
group (e.g. sulfonamide group) was installed in position 3 to retard the
glucuronidation of the phenol.!** Another interesting compound belonging to
this sulfonamide-related urea-based class of CXCR2 NAMs is Danirixin
(GSK-1325756, 7, Figure 1.8) showing an improved pharmacokinetic profile

in healthy patients!>%!5

and the compound is under evaluation for the
treatment of COPD.!>® The urea-based compounds bind the intracellular

allosteric binding pocket of CXCR2'#! presented previously in this section.
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Figure 1.8: Urea-based CXCR2 receptor antagonists.

1.4.3 3,4-Diamino-cyclobutenediones CXCR2 allosteric

antagonists

The bioisosteric replacement of the central urea functionality of the

previously presented first small molecules series of CXCR2 NAMs!34160 with
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a squarate core gave origin to the 3,4-diaminocyclobut-3-ene-1,2-dione-based
series of antagonists of CXCR2.161:162 SAR studies on these compounds
identified the phenolic OH and the two NH’s as key groups required for

1627166, as the

receptor binding, as previously observed for the urea series
removal or substitution of these groups resulted in substantial loss of
potency.'®? Similarly to the previously presented series, an electron-
withdrawing group was added on the phenolic ring to mask the phenol and
reduce glucuronidation.'®? Aniline substituent on the left side of the
compounds has been optimised leading to the identification of the
dimethylamide moiety as substituent conferring the best potency.'6%166
Further studies focused on the incorporation of an alkyl chain on the right side
of the squaramide moiety, resulted in compound 8 (Table 1) which displayed

162 Replacement

good potency, solubility, absorption and metabolic stability.
of the alkyl chain of compound 8 with a benzyl moiety and its enantiomeric
o-substituents derivatives did not show an improvement in the activity but a
preferred trend in stereochemistry was observed since there was a significant
difference in activity between the R and the S enantiomers (e.g. compounds
11 and 13 compared to compounds 10 and 12, Table 1) and also in the length
of the chiral side chain (e.g. compound 13 compared to compound 11, Table
1).164166 - An o-ethyl sidechain possessing a R stereochemistry and the
introduction of a 5-methyl furyl ring resulted in the identification of navarixin
(Sch527123, 2, Table 1).1% In particular, the R stereochemistry has been

proven to be critical for the potency of these compounds.!'®®
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Table 1.1 SAR studies results from Dwyer et al.'

o) o)
| g
/N\[Hi;\N N R

o on M H
Compound ICs for ICs for
Nullljlber R CXCR2 CXCR1

(nM)* (nM)*
e

2 % 0 26+0.3 36 £5
Ve
8 )i/ 151 910 £ 66
%

e
9 % \© 236+ 10 na**

10 % 244 + 19 na**

11 %A© 17+1 3058 + 313

12 % 234 +20 na**
-

13 “gA@ 6.8+ 1.2 254+ 4
e

14 % O 3.8+0.2 262
v

*The in vitro affinities were determined by a radioligand binding assay using
1251.hCXCLS8 in membranes.!%® Values reported are the mean + range (n=2)
except Navarixin (2) (mean * standard error of the mean (SEM); n=4).

**na = not active at > 10000 nM
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Navarixin (2) binds both CXCR2 and CXCRI1, with higher affinity for
CXCR2 compared to CXCRI1, probably due to the dissociation rate from the
receptor (ti2 = 22 h), much slower compared to that of CXCRI1 (ti2 = 5
min).*13 As will be discussed later (Chapter 5.5.2), the binding kinetics of
compound 2 potentially contributes to its selective mode of action. Navarixin
(2) suppressed neutrophil influx to the lungs and mucus hypersecretion in

167.168 ‘and demonstrated efficacy in

mouse models of lungs inflammation
numerous inflammation models leading to its advancement from preclinical
to clinical studies for inflammatory disorders, such as COPD and asthma,
characterised with the presence of underlying neutrophilia. The compound
showed inhibition of ozone-induced airway neutrophilia in healthy
patients!®*!7% and reduction of sputum neutrophils in patients with severe
asthma'”!, leading to a modest improvement of disease control. Moreover, the
chronic oral administration at clinical dose of navarixin (2) did not have an
effect on cell-mediated immunity or acquired humoral immunity.!”? The
clinical evaluation of this compound for the treatment of COPD has been
stopped by Merck for undisclosed reasons, presumably due to the reported
reduction of peripheral neutrophil counts in healthy patients.!®* Compound 2
has been additionally evaluated for the treatment of cancer. It showed a
decrease of cell proliferation and angiogenesis combined with an increase in
apoptosis which inhibit the growth of human melanoma tumours in mice!”3,
decreased liver metastasis in an in vivo model of colon carcinoma'’* and an
increase sensitivity to oxaliplatin in vivo model of colorectal cancer.'? The
anti-metastatic effect of navarixin (2) may be due to its effect on CCR7 in
addition to CXCR2/CXCRI1, since CCR7 has a role during the metastatic
process.!2%145:.174 Therefore, the silencing of CCR7 may contribute to the
anticancer effect of compound 2 since the compound is able to bind the
intracellular allosteric pocket of this receptor and to act as a NAM.!%
Additional SAR studies focused on the furan portion of the molecule
identified the 4-isopropyl furyl derivatives as compounds with excellent
affinity for both CXCR2 and CXCR1!7 displaying efficacy in reducing
inflammation in mouse models.!”® Attempts at replacing the furan moiety
with other heterocycles without loss in binding affinity and with the

dl37,163,164

maintaining of a similar pharmacokinetic profile, faile as the
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compounds bearing the furan moiety retains the better pharmacodynamic and

pharmacokinetic properties.

The mechanism of action of the 3,4-diamino-cyclobutenediones class of
intracellular allosteric modulators has been recently elucidated with the
release of the X-ray crystal structure of CXCR2 in complex with the
antagonist 00767013 (5) (PDB: 6LFL).*> The two vinyligous amides of the

4240

compound form hydrogen bonds with Asp8 and the carbonyl groups of

the cyclobut-3-ene-1,2-dione form hydrogen bonds with Lys320%4° and
Phe321%%0 at the turn of TM7.  The furan isopropyl group forms
hydrophobic interactions with Val69!33, Val72!%¢ and 11e73'7 in TM1, the
pyridine-3-ol hydroxyl group and the carbonyl group of the dimethyl-amide
side of the molecule form hydrogen bonds with Ser81237 and Thr83%3°.45 The
binding pocket of 00767013 (5) is also lined by Arg1443-°, belonging to the
DRY motif and Tyr314733 of the NPxxY motif.** The binding of the
modulator sterically interferes with the binding of the G-protein to CXCR2,
preventing the conformational changes of TM3, TM6 and TM7.* Moreover,
the binding sites of the NAM and the G-protein overlap.*’

8.48
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Figure 1.9: Allosteric antagonist 00767013 (5) binding CXCR2. Image
adapted from Liu et al 2020%. Single letter amino acid code: D, aspartate; F,
phenylalanine; I, isoleucine; K, lysine; L, leucine; M, methionine; Q,

glutamine; R, arginine; S, serine; T, threonine; V, valine.
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1.4.4 Modified urea/diaminocyclobutenediones CXCR2

receptor antagonists

There has been a substantial effort to find alternative bioisosteres to replace
the urea core. In addition to the 3,4-diaminocyclobut-3-ene-1,2-dione-based
compounds presented in the previous section, new classes of CXCR2 NAMs
included the incorporation of a cyclic sulfonamide or a cyanoguanidine in
place of the urea core. The introduction of a cyclic sulfonamide (e.g.
compound 15, Figure 1.10)!"7 did not improve binding affinity or potency,
compared to the urea series, and the compounds showed poor oral
bioavailability.!”” The N-N’-diarylcyanoguanidine (e.g. compound 16, Figure
1.10) displayed good and balanced selectivity between CXCR2 and
CXCR1.78 Moreover, the central urea core of the initial series of CXCR2
NAMs was replaced with 1,2,5-thiadiazole-based cores possessing varying
oxidation states. Initially, a functionality similar to the squarate, 3,4-diamino-
1,2,5-thiadiazole-1,1-oxide, was introduced, leading to compound 17 (Figure
1.10).'” This compound showed good binding affinity for CXCRI and
CXCR2 in vitro but lacked functional activity!”, probably due to poor cell
permeability of these compounds.!” An alternative related series possessing
a 3,4-diamino-2,5-thiadiazole-1-oxide core was evaluated.!” Compound 18
(Figure 1.10), belonging to this series, displayed excellent binding affinity for
CXCR1 and CXCR2, improved solubility compared to the dioxide analogues
and potent functional activity.!” Finally, a series of compounds with a 3,4-
diamino-1,2,5-thiadiazole-based core was evaluated. As an example,
compound 19 (Figure 1.10), possessed lower binding affinity for both
CXCR2 and CXCR1 compared to 17 and 18 and a good functional activity. '
No compounds belonging to these presented series, possessing modified urea

cores, appeared to have moved beyond in vitro initial evaluation.'’
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Figure 1.10: Modified urea/diaminocyclobutenediones CXCR2 receptor

antagonists.
1.4.5 Pyrimidine-based CXCR2 receptor antagonists

Another class of CXCR2 NAMs binding at the intracellular allosteric site of
CXCR2 is represented by the pyrimidine-based series of compounds
developed by Astra-Zeneca. This series possess a functionalised pyrimidine
ring as core scaffold, that is structurally distinct from the urea, 3.4-
diaminocyclobut-3-ene-1,2-dione and modified urea/
diaminocyclobutenediones series presented in the previous sections.'3” An
interesting compound belonging to this series is AZD5069 (20, Figure
1.11)18L182 "shown to inhibit binding of radiolabelled CXCL8 to CXCR2 with
a pICso of 9.1.1%2 Moreover, compound 20 inhibited neutrophils chemotaxis

83,100.183 and showed a reduction of

and adhesion molecules expression
inflammation in in vivo models.'®? Compound 20 is currently under clinical
evaluation for the treatment of COPD, asthma'3’ and hepatocellular
carcinoma.'*? Another compound belonging to this series, AZ10397767 (21,
Figure 1.11), has been shown to slow tumour growth by significantly reduce
neutrophil infiltration into both in vitro and in vivo tumor models.'?* Other

compounds belonging to this series, such as compound 22 (AZD8309, Figure

1.11)!33, displayed good in vitro and in vivo activity and are under evaluation
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for the treatment of COPD.%-18+185 Recently, novel chemotypes of CXCR2
NAMs have been identified from the modification of this scaffold.!8¢
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Figure 1.11: Pyrimidine-based CXCR?2 receptor antagonists.

1.4.6 2-Arylpropionic acid derived dual CXCRI1/CXCR2

receptor antagonists

Based on the observation that R-ketoprofen (23, Figure 1.12) inhibited
CXCL8-mediated human  polymorphonuclear  neutrophils (PMN)
chemotaxis'®’, Dompé developed a series of 2-arylpropionic acid
analogues.'8® Repertaxin (or reparixin, 1, Figure 1.12) belongs to this series
of compounds and has been generated through the replacement of the
aromatic ring coupled with the bioisosteric substitution of the carboxylic acid
of R-ketoprofen (23). Compound 1 allosterically inhibits CXCL8-induced
PMN migration, adhesion, degranulation and cytokine expression.!® It can
be considered more selective for CXCR1 as it possesses weaker activity
towards CXCR2 compared to CXCR1!38, Repertaxin (1) inhibited neutrophils
infiltration, organ dysfunction and tissue damage in preclinical animal models
of ischemia/reperfusion injury!®®!! leading to its advancement into phase I
clinical trials where it was found to have good exposure and a safe profile.!*?

Modification of compound 1 led to the synthesis of new analogues with an

improved pharmacokinetic profile and a dual inhibition of CXCRI and
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CXCR2. These series of compound bind a different allosteric pocket, distinct
from the one where the previously presented series of NAM bind.*?
In addition to the major classes of CXCR2 NAMs presented, there have been
numerous reports describing unique structural series such as nicotinamide N-

oxide-based compounds'®, 2-amino-3-heteroarylquinoxaline-based

194 195

compounds'™* and thiazolethiol-based compounds'”. The discovery and

development of CXCR?2 antagonists is detailed in several reviews and patent

activity reviews. 137,156,161,196,197

R-Ketoprofen Repertaxin
23 1

Figure 1.12: 2-Arylpropionic acid derived dual CXCR1/CXCR2 receptor

antagonist.

1.5 The use of fluorescent ligands for studying NAMs

acting at CXCR?2 intracellular allosteric site

The CXCR2 negative allosteric modulators acting at the intracellular binding
site of the receptor are interesting molecules for their potential therapeutic
applications. A molecular tool which binds competitively with unlabeled
ligands to the intracellular binding site is needed to directly determine the
affinity and binding kinetics of the NAMs acting at this binding site.
Radiolabelled navarixin (2) ([*H]Sch527123) has been employed in previous
radioligand binding studies to determine binding affinities of unlabelled
NAMs acting at the CXCR2 intracellular binding site.*! However, high
affinity fluorescent probes could be used in real-time analysis of ligand

binding and can be employed in several GPCR binding techniques such as
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bioluminescence resonance energy transfer (BRET) assays.!”*20° These
assays present considerable advantages over radioligand binding assays,
traditionally used to characterize ligand binding. Radioligands have been
copiously used to measure ligand binding affinities and kinetics. They are
ligands with a radioisotope ([*H], [!'C], [>I] or ['°F]) introduced in their core
structure whose specific radioactivity (emission of B-particle, positrons) can
be detected and monitored.?** The health hazards and the costs associated to

204

the use of radioligands*™* combined with their insufficient sensitivity and

metabolic stability reported for some ligands®®

, highlighted fluorescent-
based techniques as a valid alternative to radioligands since they display a
better safety profile which allows an easier performance of the assay and

disposal of waste materials.??62%7

Furthermore, fluorescent ligand-based
resonance energy transfer assays have the key capability to monitor specific
binding in a homogeneous format, without the need to separate bound from
free tracer; and the binding from a single sample can be monitored
continuously in real time, enabling kinetic analysis to be performed in a

straightforward manner.!?%-20!

Fluorescence is a physical process in which the electrons of a molecule
(fluorophore), upon exposure to light, are promoted to a higher energy state.
After a transient excited state with minimal loss of energy, the molecule
returns to its ground state emitting light. The light emission has a longer
wavelength than the excitation light.?® The Stokes shift, crucial to any use of
fluorescence-based techniques, is the difference in energy between the
excitation and emission wavelengths (Figure 1.13). It allows easy separation
of the emitted fluorescence from the excitation light using appropriate optical

filters.208-210
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Figure 1.13: Representative excitation and emission spectrum and Stokes

shift.

Fluorescence techniques depend on the possibility to fluorescently label the
protein of interest. This can be performed through the use of fluorescent
proteins or self-labelling protein tags (e.g SNAP-tag)®'!, fluorescently
labelled antibodies?'? and small-molecules fluorescent ligands.?!* Among
these labelling methods, the use of fluorescent ligands has the benefit of being
applicable in an unmodified system for the study of receptor in their native
state, relevant for the use of these tools in the context of a drug discovery
program.?!4215 Examples of fluorescence-based techniques for monitoring of
receptor function and dynamics and imaging include: fluorescence-resonance
energy transfer (FRET)?'®?!7  Fluorescence Correlation Spectroscopy
(FCS)!8, confocal laser scanning microscopy (CLSM), specialized flow
cytometry techniques such as Fluorescence-Activated Cell Sorting (FACS)

and super resolution microscopy.?!%-??

1.5.1 Fluorescent ligands design

The development and application of small-molecules fluorescent ligands for
GPCRs has increased in the past 20 years due to the increased availability of
structural information from X-ray crystallography and cryoelectron
microscopy (Cryo-EM) and to the advancements in imaging approaches.
These information allowed the rational design of fluorescent probes with high
affinity and selectivity for the protein of interest.??! Fluorescently-labelled

ligands are designed by connecting an organic fluorescent dye to a known
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agonist or antagonist of the target of interest via a linker.2%-22222> Fluorescent
ligands are composed by three independent units which comprise the parent
pharmacophore, the fluorophore and the linker connecting the two parts
together (example in Figure 1.14). The addition of linker and fluorophore to
the parent pharmacophore could have an influence on its pharmacological
profile and it is therefore necessary to consider the novel fluorescent ligand
as a separate new pharmacological entity whose profile needs to be
evaluated.??*??> TInitially, to design a fluorescent ligand, it is crucial to
elucidate the structure-activity relationship of the parent compound. This
allows to identify a suitable position for linker attachment without any loss in
binding affinity or efficacy of the final ligand. Availability of structural
information of the target protein could be of crucial importance during this
step. Another crucial step consists in the choice of the fluorophore to employ.
This depends on the future application of the fluorescent probe as every
technique requires specific spectral properties such as excitation and emission
wavelengths, extinction coefficient, quantum yield and fluorescence
lifetime.?! Moreover, the chemical composition of the linker moiety must be
evaluated as it has been shown to have an effect on the binding affinity and

efficacy of the fluorescent ligand.?2#%26

binding moiety

fluorophore linker

Figure 1.14: Fluorescent analogue of propranolol (BODIPY 630/650-X-[3-
Ala-B-Ala propranolol) targeting 32 adrenergic receptor, designed by Alcobia

et al.*?®> Example of fluorescent ligand components.
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1.5.2 Properties and applications of fluorescent ligands

The first bioimaging studies showing examples of fluorescent ligands use
employed molecules conjugated with dyes such as pyrene, dansyl and
fluorescein isothiocyanate (FITC) as fluorophores. These dyes possess some
disadvantages as they have short excitation and emission wavelengths, they
are sensitive to pH, and they show reduced photostability. At present time,
there is a number of commercially available fluorophores available able to
cover the full range of the visible/electromagnetic spectrum. The scaffolds of
the available fluorophores belong to the families of rhodamines, coumarins,
fluorescein dyes, cyanin dyes and boron dipyrromethene (BODIPY).?27-228
Moreover, as a result of recent synthetic chemistry, there is the possibility of
accessing a broader variety of fluorescent dyes with improved and fine-tuned
properties for specific and advanced applications in biological techniques.?**~
21 Amongst the fluorophores available for conjugation, BODIPY 630/650
dyes present great stability and spectral properties including high absorption
coefficient (g) and high fluorescence quantum yield (®).2*23* Additionally,
BODIPY 630/650 dyes are brighter when located in a lipophilic environment
such as the plasma membrane and they are quenched in aqueous
environment.?>* Because of their properties, the use of these fluorophores in
imaging studies is advantageous since the background fluorescence from the
unbound ligand is reduced and BODIPY 630/650 dyes result the be amongst
the preferred choice of fluorophores used for conjugation. Conversely, the use
of more water-soluble dyes, such as Alexafluor dyes (e.g. AF647) and
Cyanine dyes (e.g. Sulfo-Cyanine5)*3°, may present more benefits for in vivo
applications, where a lipophilic dye could present some disadvantages. For in
vivo applications, fluorophores whose absorption and emission wavelengths
are near the IR region of the electromagnetic spectrum ( > 600 nm) are
preferred. Both BODIPY 630/650 and Cyanine5 dyes absorb and emits in this
spectrum. This optical window significantly reduce background
autofluorescence resulting from endogenous ligands (aromatic amino acids,

)236

collagen, reduced nicotinamide cofactors NADH)*° and the wavelengths

applied are less toxic to the tissues at this lower energy.??3-2%
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Fluorescent ligands, combined with advanced fluorescence-based techniques,
are a powerful tool to study GPCRs pharmacology and to measure binding
affinity and monitor binding kinetics of molecules acting at these
receptors.!98.199.201.206237 Recently, new fluorescent probes targeting the
intracellular allosteric binding site of chemokines receptors, such as CCR9%%,
CCR2** and, more recently, CXCR2 (developed in parallel to this project by
Huber et al.>*°) have been reported**! and they have been proven as critically
useful tools to have a better understanding of the pharmacology of NAMs

targeting the allosteric pockets of these receptors.

1.6 Thesis aims

CXCR?2 is an interesting pharmacological target involved in inflammatory-
based conditions. Since the interactions at the orthosteric binding site are
difficult to mimic with small molecules, allosteric modulators of the receptor,
binding an intracellular pocket located near the C-terminal of the receptor,
have been identified. A particularly interesting class of CXCR2 NAMs is
composed by the 3,4-diamino-3-cyclobutene-1,2-dione-based compounds.
Their molecular mechanism, elucidated by Liu er al*®, includes the
competitive interaction with the G-protein, since its binding site is in close
proximity and overlapping with the allosteric binding site of interest.
Navarixin (2), a compound belonging to this series, possesses excellent
potency at CXCR2, which may be related to its particular binding kinetics,
since it has been reported to have a slow dissociation rate from the
receptor.*"13% Therefore, kinetics of binding may have an impact on the action
of NAMs. The use of high affinity fluorescent ligands in pharmacological
binding and functional assays could be valuable to investigate the kinetics of
modulators binding at this binding site. The aim of this thesis is to rationally
design and synthesize a library of fluorescent ligands to investigate the
binding, kinetics and activity of potent and selective 3,4-diamino-3-

cyclobutene-1,2-dione CXCR?2 receptor allosteric antagonists binding at the
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intracellular allosteric site of CXCR2, with a particular interest in navarixin

).
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Chapter 2. Synthesis and
pharmacological evaluation of a series
of compounds belonging to the 3,4-
diaminocyclobutenedione class of
CXCR?2 intracellular allosteric

antagonists

2.1 Chemical synthesis of small molecules with a 3,4-

diamino-cyclobutenedione core

A series of small molecules belonging to the 3,4-diamino-cyclobutenediones
class of CXCR?2 intracellular negative allosteric modulators (NAMs) was
initially synthesised, in order to validate their previously reported
pharmacological activities at the CXCR2 receptor!®® (Table 2.1). The
purpose was to confirm a suitable potent compound to be used as a congener
to develop a library of fluorescent ligands. Compounds were selected
according to their reported potency at CXCR2!%, in addition to specific
structural characteristics, such as R stereochemistry, linked in general to
higher reported potency compared to the corresponding S-enantiomers. !¢
Moreover, these molecules were also chosen based on expected selectivities

for CXCR2 over CXCR1.166
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Table 2.1 Synthesised compounds belonging to the 3,4-diamino-

cyclobutenedione class

0] 0
' =
/”mﬁ;tu '
O OH H

Com nd ICsp for ICsy for
;ulll’l‘;)‘;r R CXCR2 CXCR1
(nM)° (nM)”
e
R-Navarixin H
LLLL/ ) 2.6+0.3 36+5
2 \L/)/
8 )/v 1541 910 + 66
%
11 %A© 17+1 3058 + 313
S-Navarixin . .
571 @) NR NR
24 \ /
Navarixin
racemate % o NR™ NR™
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* The in vitro affinities were determined by a radioligand binding assay
using '’I-hCXCL8 in membranes.!®® Values reported are the mean +
range (n=2) except R-navarixin (2) (mean £ SEM; n=4). Data reported

by Dwyer et al.'%

"*NR, not reported.

For the synthesis of the CXCR2 NAMs presented in Table 2.1, the procedure

reported by Dwyer et al.'® was followed. The compounds were selected

according to their reported ICso values and for their stereochemistry.
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Scheme 2.1 Synthesis of compounds 2, 8, 11, 24, 25

a, b | [ | d
Ho\n/ ; “NO, /N\[( i(\ “NO, /Nj]/ ; “NH, ”
O OH O OH O OH
26 27 28
(0] (0] (0} (6]
O S o=
H R-NH, H H
O OH O OH
29 2,8,11,24,25

30, 2: R=(R)-1-5-methylfuran-2-yl-propan-1-yl.
31, 8: R=3-aminopentyl.

32, 11: R= (R)-a-methylbenzyl.

33, 24: R= (S)-1-5-methylfuran-2-yl-propan-1-yl.
34, 25: R= 1-5-methylfuran-2-yl-propan-1-yl.

Reagents and conditions: (a) (COCl),, N,N-dimethylformamide (DMF),
CH:Cly, room temperature (RT); (b) HNMe», 0 °C, 65%; (c) 10% Pd/C, Ha,
EtOH, RT, 72%; (d) diethyl squarate, EtOH, RT, 45%; (e) R-NH> 30-34,
EtOH, RT, 87-30%.

3-Nitrosalicilic acid (26) was converted to the corresponding N, N-dimethyl
amide 27. This was achieved firstly by the formation of the corresponding
acyl chloride via a modified Vilsmeier-Haak reaction, which was then reacted
with dimethylamine at 0 °C. The nitro moiety of compound 27 was then
reduced, through a Pd/C catalysed hydrogenation, to the corresponding
aniline 28. Compound 28 was subsequently reacted with diethyl squarate in
EtOH to afford 29. Finally, 29 was treated with commercially available or
synthesised amines (30-34) to afford the final compounds (2,8,11,24,25).

The synthesis of the chiral amine 30, required for the synthesis of R-navarixin
(2), was attempted following several procedures. At first, the
diastereoselective addition route proposed by Dwyer et al.'%6?% was tried

(Scheme 2.2).
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Scheme 2.2 Attempted synthesis of amine 30
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Reagents and conditions: (a) 5-methylfuraldehyde (36), MgSOs,
CHxCly, 0 °C; (b) TMSCI, EtsN (68% two steps); (c) Etl, -BuLi, Et,0,
-40 °C, 52%; (d) HsIOs, MeNH>, MeOH, RT or Pb(OACc)a.

This approach employed R-Valinol (35), which was initially reacted with 5-
methylfuraldehyde (36) to form imine 37. This step was then followed by the
TMS protection of the alcohol group. The protected imine 38 was
subsequently reacted with EtLi, generated in situ from a lithium-halogen
exchange between ethyl iodide and #butyllithium, to afford the
diastereoselective addition product 39. The final step in this synthetic
procedure consisted of an oxidative cleavage step of compound 39 with
periodic acid or lead tetraacetate to obtain amine 30. Unfortunately, this
synthetic route was not successful, and the final chiral amine product was not

successfully made and isolated.

It was therefore decided to attempt the synthesis of the racemic mixture of the
desired amine, instead of the pure enantiomer, following the procedure

described by Blume et al.?** (Scheme 2.3).
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Scheme 2.3 Synthesis of amine 34

NH,
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Reagents and conditions: (a) EtOH, RT; (b) ~-BuOK, EtBr, DMF, 0
°C; (¢) 1 M aq HCI, MeOH.

The starting material for this synthetic route was 5-methylfuraldehyde (36)
which was reacted with benzhydrilamine (40) to give furylimine 41.
Deprotonation of 41 with potassium fert-butoxide in anhydrous DMF gave a
deep red solution of the azaallyl anion to which ethyl bromide was added to
afford compound 42. A final treatment with hydrochloric acid in methanol

gave the racemic amine 34 as product.

An additional attempt at synthesizing chiral amine 30 was performed
following the procedure present in the R-navarixin (2) patent (WO
2009/005801) which reports the generation of the tartrate salt of the desired
R-amine (Scheme 2.4).
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Scheme 2.4 Synthesis of tartaric acid salt of amine 30

O  NHg* O OH
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Reagents and conditions: (a) Formamide, formic acid, 140-150 °C; (b) 25%
w/w NaOH in H;O, 70 °C; (c) wash with aq. 10% w/w. NaCl; (d) D-tartaric
acid, MeOH, H,O, 50 °C.

To 2-methyl-5-propionylfuran (43) were added formamide and formic acid to
afford amide 44 which was then hydrolyzed with sodium hydroxide solution
into the amine 45. Upon treatment with D-tartaric acid, salt 46 of the R-
enantiomer (30) should have been formed. Regrettably, this was found not to

be the case and 46 was not isolated.

Several difficulties were encountered during the synthesis of chiral amine 30.
The high volatility of the amine itself was discovered during the synthetic
attempts and experimentally confirmed under reduced pressure. The low
yields obtained in most of the steps also posed significant challenges which
resulted in the unsuccessful synthesis of the desired product. It was therefore
decided to purchase the chiral amines 30 and 33 from standard suppliers.

As the optical rotations of the amines 30 and 33 were not reported, it was
important to absolutely assign chiral center configuration for each of the
enantiomers. Moreover, there appeared to be some discrepancies with the
pharmacological results of the tests conducted with compound 2 and 24 (data
shown in Figure 2.4). These data initially opposed literature reports in which
the R enantiomers were reported to be more potent than S enantiomers. !¢
From experimental optical rotation measurements, it was known that

compounds 2 and 24 were enantiomers, since they showed equal and opposite
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in sign rotation measurements; 2: [a]p*?*°“ = +64 (1; MeOH) and 24: [a]p*
‘€= .76 (1; MeOH), but the absolute configurations of the compounds were
unknown. With this in mind, compound 24 was crystallized from ethanol and
its structure was solved by X-ray diffraction in the crystallography
department of the university. Analysis of the crystal structure (Figure 2.1)
allowed assignment of the absolute configuration of compound 24 as the S-
enantiomer and to generate previously unreported and unambiguous optical
rotation data on compounds 2 and 24 and on the HCI salts of amines 30 and

33 and to explain the discrepancies found with the pharmacological testing.

Qc

1

Figure 2.1: Crystal structure of compound 24 (performed by Stephen
Argent, Crystallography Service Manager, School of Chemistry,
University of Nottingham).

57



2.2 Pharmacological analysis of compound activities

using CXCR2 mini G and arrestin recruitment assays

The pharmacological activities of compounds 2, 8, 11 and 24, needed to be
evaluated in order to identify a suitably potent compound to choose as
congener for the fluorescent ligand library. For this reason, the compounds
were tested in a NanoBiT (NanoLuc Binary Technology) Luciferase
complementation assay?** to report effects on agonist-induced CXCR2

recruitment of a synthetic mini Go, protein?+>-246

or B-arrestin2. The Promega
NanoBiT complementation methodology is an example protein-fragment
complementation assay (PCA), used widely to study protein interactions.?**
This assay employs an engineered luciferase derived from a deep sea
luminous shrimp?#’, NanoLuc (Nluc), which produces bright and sustained
luminescence while being suitably small and stable.?** These valuable
qualities make this enzyme ideal for use in physiologically relevant assays
which evaluate protein interactions since the enzyme itself is less likely to
sterically affect the fusion partner or influence the affinity and association
kinetics of the interacting proteins.>** In NanoBiT complementation, the
interaction between the receptor of interest and an effector protein (mini G
protein or -arrestin2) by the proximity complementation of the two NanoLuc
luciferase fragments, Large BiT (LgBiT) and a short Small BiT (SmBiT)
peptide. This allows the regeneration of the enzyme which is therefore able
to oxidise its substrate and to generate luminescence, which is measured as
an indicator of receptor functional activity. In the system that we have used
for our assays, stable cell lines in HEK cells have the C terminus of human
CXCR?2 tagged with the Large BiT (LgBiT) of the nanoluciferase and the
mini G0 protein or B-arrestin2 N terminally tagged with the Small BiT
(SmBIT). Upon agonist (CXCL82s.99) stimulation, the receptor recruits mini
G0 proteins or B-arrestin2. This allows reversible complementation of the
LgBiT and SmBiT fragments to restore the activity of the luciferase enzyme.
Furimazine is present as a substrate and NanoLuc luciferase converts it to
furimamide emitting luminescence as an indicator of the response. The

CXCR2-LgBiT construct behaves like wild type CXCR2. Based on
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comparison with pharmacological assays performed previously, the addition
of the NanoLuc luciferase fragment does not modify the potency of
CXCL8.4182

In these experiments, mini G proteins were employed instead of full length G
proteins. Mini G proteins are the engineered GTPase domains of Ga subunits,
originally developed for structural studies.?*>*¢ They retain the GPCR
binding properties because they still contain the Go binding interface of a
normal Ga G protein domain but lack the capacity for guanine nucleotide
binding or exchange, or interaction with Gy subunits. Mini Gs are small in

246 and, as they are recruited to the

size, stable and expressed well in cells
receptor from the cytoplasm, they produce less background signal with
respect to full length membrane targeted Gg-proteins and can therefore be

employed as useful biosensors of receptor activation.

NanoLuc™ N
Luciferase R
0. B &
o:{‘ﬂj = 3
{ . Light - /
og
13kDa € ¢
2-furanylmethyl-deoxy-coelenterazine
Furimazine Furimamide Small BiT(SmBIT)

Large BiT(LgBIiT)

Figure 2.2: Furimazine conversion and NanoLuc complementation (image

taken from Dixon et al. 2016).24
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Figure 2.3: Cartoon representation of the NanoBiT complementation assay.
CXCR2 tagged with LgBiT and effector protein tagged with SmBiT of
NanoLuc luciferase. Stimulation of the receptor with CXCLS8 results in -
arrestin2 recruitment, enzyme complementation and luminescence generation
in the presence of furimazine as enzyme substrate. Effector protein : [3-

arrestin2 or mini G protein according to the cell line employed.

2.3 Pharmacological evaluation of the compounds
through whole cell CXCR2 NanoBiT

complementation assays

Compounds 2, 8, 11 and 24 were tested in the NanoBiT complementation
assays presented in the previous section, in a whole cell setting, required to
fully evaluate the functional activity of the NAMs, which are known to act
intracellularly. In our assays, the HEK CXCR2/ mini G0 or CXCR2/B-
arrestin2 cell lines cells were pre-treated (1 hour at 37 °C) with the
compounds prior to furimazine substrate loading and CXCL823.99 stimulation
at different concentrations for 30 minutes. The pre-treatment time with the
modulators was designed to allow equilibrium conditions for cell penetration
and receptor binding. The data generated are shown in figure 2.4 and 2.5 (n =

5 for navarixin (2) and S-navarixin (24) and n = 1 for compounds 8 and 11).
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This represents Schild style analysis, in which the activity of the non-
competitive NAM is reflected as reductions in CXCL8 potency and maximal

response compared to control.
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Figure 2.4: (A) CXCLS82899 concentration dependent changes in
Nanoluciferase output in mini Geo cell line over time. Data is raw
luminescence data from an example experiment from 5 performed. Agonist
addition at t = 0. (B) CXCL82s.99 concentration dependent changes in
Nanoluciferase output in mini Gqo cell line past incubation with a single
concentration of 2 over time. Data is raw luminescence data from an example
experiment from 5 performed. Agonist addition at t = 0.
Concentration-response  curves for CXCL8299 in the NanoBiT
complementation assay taken at 29-minute time point after agonist addition,
with varying concentrations of (C) R-navarixin (2) in mini G40 cell line, (D)
R-navarixin (2) in B-arrestin2 cell line, (E) S-navarixin (24) in mini Gxo cell
line and (F) S-navarixin (24) in B-arrestin2 cell line. The data shown are
pooled from 5 individual experiments (mean + SEM) which each experiment

performed in technical duplicate.

62



0 (8] nM 0 [11]nM
3 3
£ 0 g -0
2 - 70 g
8 8 100 8 2 100 =70
g9 220 8% 200
20 20 e
€35 —— 660 gx 660
§32 o] - 2000 5 sof = 2000
p} g £
= -=- 6000 2 -= 6000
0- od
r T T T T 1 r T T T T 1
Vehicle -10 -9 -8 7 -6 Vehicle -10 9 -8 7 B
Log [CXCL8 28-99] M Log [CXCLS8 28-99] M

Figure 2.5: Concentration-response curves of CXCL82s.99 taken at 29-minute
time point of the luminescence read with varying concentrations of (A)
compound 8 and (B) compound 11 in mini G0 cell line. Data show a single

experiment (mean + SEM) reflecting duplicate.

Figure 2.4 (A-D) and figure 2.5 (A,B) show the CXCLS8 concentration-
response curves, taken at the 29-minute time point after agonist addition, in
the absence and presence of varying concentrations of the modulators tested.
All the compounds (2, 8, 11, 24) were tested in the mini Gqo cell line and R-
Navarixin (2) and S-navarixin (24) were additionally tested in the B-arrestin2
cell line.

In the absence of NAM, the CXCLS control pECso values were 9.28 + 0.16
and 9.20 £ 0.09 respectively (n=5) in the mini G0 and B-arrestin2 cell lines.
Overall, the pre-treatment with the NAMs inhibited CXCLS8 stimulated
recruitment of the effector proteins, mini G0 or B-arrestin2. A NAM effect
on the basal luminescence response was also observed, consistent with the
inhibition of constitutive CXCR?2 activity, which is apparent for many GPCRs
at high levels of expression in recombinant systems.?”-3¥248 The action of each
of the tested NAMs on the CXCLS8 concentration response curves was
characterized both by a rightward shift in agonist potency, and a decrease in
the maximal response, characteristic of insurmountable antagonism. These
insurmountable properties are consistent with a non-competitive mode of

action of intracellular allosteric ligands, and / or a high affinity, slowly
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reversible binding mode that prevents CXCLS8 overcoming the antagonism
within the time frame of its stimulation (non-equilibrium conditions),
discussed below.

It should be noted that the R-navarixin (2) and S-navarixin (24) effect on the
CXCLS response was similar in both cell lines, detecting mini G40 proteins
or B-arrestin2, and therefore the NAM activity of the compounds is not biased
towards receptor recruitment for a specific effector protein. This was expected
considering the overlap of the G protein and arrestin binding site on the
intracellular side of GPCRs?*, in close proximity to the NAM binding site.*
It should be also noted that the two navarixin enantiomers present a
substantial difference in potency (Figure 2.4), 0.7 — 60 nM for R-navarixin
(2) and 70 — 6000 nM for S-navarixin (24) respectively, which confirms the
importance of the R-stereochemistry for the activity, in accordance with
previously reported data.'®® The data are unambiguously related to the
structure through provision of structure data and optical rotation
measurements.

R-navarixin (2) was found to be the most potent compound tested, possessing
a subnanomolar potency, as expected from literature reports of its affinity (Kp
= 0.049 £ 0.004 nM)*-13% and ICs values in other CXCR?2 signalling assays
(2.6 £ 0.3 nM)'%®.  Furthermore R-navarixin (2) produced pronounced
insurmountable antagonism, as observed previously in other in vitro assays*!.
In contrast, effects of S-navarixin (24) required approximately 100 times the
concentrations of 2 to be observed in the NanoBiT assays, consistent with the
lower reported activity of the S enantiomers at this receptor.'®® In addition,
the effect of S-navarixin (24) on CXCLS8 concentration response curves
showed a more surmountable profile, with a limited effect on CXCL8 Rmax,
and shift in CXCLS potency (pECso) with greater concentrations of the NAM.
Given both R- and S-navarixin (2, 24) are likely to target the same, allosteric
binding site, dissimilarity in the pharmacological effect between enantiomers
suggests a binding kinetic explanation, with non-surmountable behaviour of
R-navarixin (2) arising from its much higher affinity and slower dissociation
rate constant (kofr). Indeed, this slow kos has been measured and previously

proposed.*!13% As discussed above, in this instance insurmountability in the
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assay is generated by non-equilibrium conditions, as CXCLS is unable to
compete and reach a new equilibrium with NAM binding at CXCR2 over the
time-frame of agonist stimulation. In order to have a clearer picture, the
kinetics of the different NAMs need to be investigated more in depth. This
can be achieved with the use of a fluorescent probe that binds in the same site
as the NAMs, which will allow the direct measurement of the kos of the
compounds using bioluminescence energy transfer assays that follow probe
binding kinetics in the presence and absence of unlabelled ligands.!9%-230-251

Compounds 11 exerted effects with a similar potency and surmountable
profile as S-navarixin (24) (Figure 2.5). However, compound 8, in the n=1
test was substantially more potent than 11 or 24 in the assay, though appeared
less potent than 2. These data are supported by literature ICso values for
compounds 8 and 11 of 15 + 1 nM and 17 + 1 nM respectively.'®® They
confirmed that the presence of the alkyl chain in 8 is tolerated (Table 2.1) and
its substitution with a benzyl group in compound 11 results in a loss of
CXCR?2 affinity, also compared to the substitution with a methyl furan ring,
present in R-navarixin (2), which was identified as crucial moiety for binding

affinity.

It is conceivable that the compounds generated could interfere directly with
the luciferase activity in the assay or have other target effects that for example
prevent GPCR-B-arrestin association. They were tested in a similar NanoBiT
complementation counter screen measuring -arrestin2 recruitment by the B2-
adrenergic receptor (B2AR). The host cell line and configuration of the
complementation fragments were the same as in the CXCR2 assay; the LgBiT
tag was fused to the f2AR and the SmBiT tag was on B-arrestin2. Only limited
inhibition of effector recruitment was observed at the highest concentration
(60 nM, 6000 nM) of the compounds (2 and 24) for isoprenaline-stimulated
recruitment of B-arrestin2 by B2AR (Figure 2.6). These results confirmed the
CXCR2-related effect of the compounds.
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Figure 2.6: Concentration-response curves of isoprenaline-stimulated
recruitment of arrestins by B2AR with varying concentrations of (A) R-
navarixin (2) and (B) S-navarixin (24). Data show a single experiment (mean

+ SEM) reflecting duplicate.

The pharmacological testing of the compounds in a functional NanoBiT
complementation assay confirmed that the compounds synthesised are NAMs
acting as insurmountable CXCR2 antagonists. They decrease the effector
protein recruitment mediated by the agonist (CXCLS) in a dose-dependent
manner and their effect has been shown to be receptor specific and not
mediated by other off-target effects. Moreover, the importance of the R-
stereochemistry for high affinity antagonism with greater insurmountability
has been confirmed through the comparisons between the two navarixin
enantiomers. Among the tested compounds, R-navarixin (2) showed
remarkable potency at CXCR2, characteristic that qualifies the compound as
an ideal congener for a library of fluorescent ligands. R-navarixin (2) was
therefore chosen as congener and its structure needed to be evaluated for
potential linker and fluorophore attachment points through chemical
modifications that did not have a negative influence on its binding to the
receptor. This led to the computational studies presented in the next chapter

of this thesis.
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Chapter 3. Computational studies

3.1 Introduction to homology modelling

There were no published CXCR?2 crystal structures available via the Protein
Data Bank?32-2* at the time of starting this project. Therefore, to perform the
docking of the compounds and to visualize their binding poses and their
interactions with the amino acid residues lining the binding pocket, it was
necessary to build a model of the receptor. Homology modelling was the
technique employed to generate a model of CXCR2. It is a computational
structure prediction method based on the observation that protein three-
dimensional structures are determined by their amino acid sequence and that
proteins with a similar amino acid sequence, or homologous proteins, have a
very similar three-dimensional (3D) structure.?>>2% Small or medium
changes in amino acid sequence generally result in little variation of the 3D
structure as the structural conformation of a protein is more highly conserved
than its amino acid sequence.?®” On the other hand, proteins that have low
sequence homology (<20%), can have a very different structure.?>®
Homology modelling therefore constructs a representation of a target protein
from its amino acid sequence and a crystal structure of a related homologous
protein, called the template.?>® Homology modeling was compared to other
3D structural prediction methods such as threading methods and de novo

methods?°

and it was found to be the most accurate between the analysed
techniques.?”2%° Threading, similarly to homology modelling, is a template-
based method?®! which is based on the principle that protein structures are
more conserved than their sequences and therefore proteins can adopt the
same fold even if there is no obvious sequence relationship.2®? Consequently,
it is possible to generate three-dimensional structures of not evolutionarily
related proteins.?%° In this method, the target sequence is assigned to templates
with known folds and a set of scoring functions, based on physicochemical

parameters, is employed to evaluate the optimal sequence-to-structure

alignment for every trial template.?® The limit of threading methods is that,
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through the use of known folds as templates, it could be unable to predict the
correct structure of the target if it adopts a novel fold.?®® On the other hand,
de novo methods belong to the so called ‘free-modelling’ or ‘template-free’

methods?°

which generate 3D protein structures without the use of solved
structures but based on the amino acid sequence’ s physicochemical and
thermodynamic properties. This method uses knowledge-based force fields
as scoring functions to search the energy landscape and to find the in-silico
protein conformation at the minimum of its potential energy.?®® The scoring
functions rely on information on experimentally determined structures

d?63264 an artificial

deposited in databases.’®® More recently, AlphaFol
intelligence (AI) system, has been developed by DeepMind and EMBL’s
European Bioinformatic Institute (EMBL-EBI). It predicts the 3D structure
of a protein from its amino acid sequence with atomic accuracy?®** and the
structures are stored in a public database (AlphaFold Protein Structure

Database), freely available for the scientific community.6?

Homology modelling consists of multiple steps: template selection, sequence
alignment and correction, model building and optimization. The first step of
the process is the identification of the template structure in the Protein
Database (PDB)?% using the target sequence of the desired protein. The Basic
Local Alignment Search Tool (BLAST)?%%267 is a commonly employed tool
in the search for a template as it provides sequence-sequence alignment
between the query sequence and existing PDB sequences. In the selection of
eligible templates to use for the next steps, various factors need to be
considered: high sequence similarity of the template sequence relative to the
target sequence, crucial for generating 3D structures with high accuracy,
phylogenetic similarity, environmental factors (pH, solvent type), existence
of bound ligand in the structure and the resolution of the experimental
structure (R factor and resolution for crystal structures and number of
restraints per residue for an NMR structure).?62°! Additionally, if the purpose
of the model generated consists, for example, in ligand docking, a template
containing a ligand crystallized in a similar pocket as the target ligand to dock
would be preferred. Therefore, the purpose of the model generated would be

another criteria for choosing a template over other characteristics.?¢! The use
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of several templates instead of a single one would increase the accuracy of
the model?®8, especially when the template-target sequence identity is below
40%?2%°, but the advantage of using multiple templates disappears above 40%
sequence identity.?*® Moreover, most modelling programs do not accept more

than one template for model building.?®8

Once the template has been
identified, the pieces of software used to perform homology modelling
produce an alignment of the amino acid sequences of the target and the
template proteins which is then used, in combination with the template
structure, to generate a structural model of the target protein. The quality of
the target-template sequence alignment is crucial to determine the quality of
the homology model since most of the errors are generated in this
fundamental step and from a poor template selection.?’® The subsequent step
consists in the generation of the homology model and this can be achieved
through different procedures.?%?’! Rigid-body assembly method (SWISS-
MODEL?7), consists in building the model from the parts of the target
structure that align with the template sequence, while de novo methods or a
structural database of known protein structures are used to model the
fragments that do not align with the template.?®® This method is also used, in
combination with stepwise evolutionary mutations on the template until the
sequence corresponds to the one of the target protein, in the artificial
evolution method.?®® The spatial restraint method builds a model by fulfilling
restraints, such as bond angles and lengths, which derive from the template
structure.?%’ In the segment matching method, the target structure is divided
into short segments which are then searched in a database of known structures
for matching segments and then selected based on sequence identity,
geometrical and energetic considerations. The model is then built through
placing these segments on a guiding structure of the target based on the
alignment.?®® The generated model then needs to be refined with a particular
focus on the correct orientation of the side chains?®® and on loops structures,
regions of the target sequence that play crucial structural roles but often do
not have homologous regions in the template.’®® Loops are generally
modelled using a combination of database-search and de novo
conformational-search approaches.?®®2”* Finally, the quality of the model is

assessed and this can be achieved through the use of specialized programs?’+-
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276 through reference to experimental data present in the literature, such as
mutagenesis studies, and through the use of computational methods, for
example docking studies, which could assess the binding of a known ligand

in the binding site of the model.?*

3.2 CXCR2 homology model

3.2.1 Homology model generation

The aim of this project, as introduced before, consists in the synthesis of
fluorescent probes and this is achieved through the modification, via linker
and fluorophore attachment, of a known CXCR2 NAM. In order to be able to
understand the point of attachment of the new fluorescent moiety in the
congener NAM, it is crucial to visualize how such allosteric modulator bind
the receptor of interest and which group of the modulator are actively
involved in the interaction with the receptor and therefore essential for
binding and which parts, on the contrary, can be modified by linker and
fluorophore addition without a loss in binding affinity. The absence of a
crystal structure made necessary to build a model of the receptor of interest
making use of the homology modelling technique. The initial step in the
generation of a model of CXCR2 was the template identification through a
BLAST (Basic Local Alignment Search Tool) search of protein structures in
the Protein Data Bank. This sequence similarity search program, used to
search a sequence database for matches to a query sequence?®’, found several
potential templates with a reasonable sequence similarity to CXCR2. CXCR1
(PDB: 2LNL), CCR9 (PDB: 5LWE), CXCR4 (PDB: 30ES), CCRS (PDB:
6AKY) and AT2 (PDB: 6DO1) were selected as templates according to their
relatively high homology with the query sequence (Table 3.1). Homology is
used to define common structural characteristics and common spatial
distribution of proteins with a common evolutionary origin. Sequence
identity, on the other hand, is the number of characters which match exactly

between two sequences.
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Table 3.1

Template receptor % Homology with Experiment type
(PDB) CXCR2
CXCRI (2LNL) 86 NMR

CCR9 (5LWE) 39 X-ray diffraction
(resolution:2.80 A)

CXCR4 (30ES) 38 X-ray diffraction
(resolution:3.10 A)

CCRS5 (6AKY) 34 X-ray diffraction
(resolution:2.80 A)

AT2 (6DO1) 33 X-ray diffraction
(resolution:2.90 A)

The percentage homology should not be the only property considered during
the selection of the template as other properties of the templates could be
crucial for a better homology model generation. In our case, CCR2 (PDB:
5T1A) and B2AR (PDB: 6N48) were included as well in the template list,
since they possess a similar intracellular allosteric binding pocket, even
though their overall sequence similarity to CXCR?2 is below 30%. Moreover,
it should be specified that the structure of CXCRI1 is NMR based, therefore
there were 10 conformations present, each of them used to generate a different
homology model. Once the list of templates was generated, 37 homology
models of CXCR2 were built using its amino acid sequence and the crystal
structures of the template proteins previously selected employing two
different homology modelling programs, Swiss Model>’?>?73?77 and Prime?’®
from the Schrodinger suite. The generation of a large variety of models and
their comparative analysis allowed outliers/errors, that may arise from an

inaccurate target-template alignment, to be spotted more easily.

The subsequent step was the performance of a clustering analysis of the

homology models generated. Cluster analysis a statistical data mining tool
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whose use is to divide data into groups or ‘clusters’ that share similar
properties and characteristics.?’*-28! A particular algorithm sorts the object in
the dataset into separate groups according to a metric of similarity between
them.?” In the generated groups or clusters, the degree of similarity between
the objects belonging to the same cluster will be greater than the similarity
between two objects found in two different clusters.?’”® This analysis allowed
us to understand the similarities and differences between the CXCR2
homology models generated and to eliminate unnecessary duplicates before
performing the docking of the compounds. The clustering analysis conducted,
is based on the superposition of the a-carbons of selected amino acid residues
of the models and the measure of their average distance through the Root
Mean Square Deviation (RMSD).27%-282.283 This was achieved with the use of
an in-house python script utilizing mdtraj that generated a graph where the
models are positioned according to their similarity: the lower the RMSD the
more similar the models are. Two superposed points on the graph therefore
represent two identical models and points that are close to each other on the
graph represent models that can be considered duplicates. From the
emergence of actual clusters of points in the graph, it is possible to select one
model that could represent all the models present in the same cluster that will
subsequently be employed for the following docking step. The amino acid
residues taken into consideration in the clustering analysis were the ones
considered crucial for the binding of the negative allosteric modulators
(NAMs), previously reported in mutagenesis studies.!*® These comprised the
residues present in the region near the C-terminal between GIlu300%2° and
Lys320%%°, in the ICL3-TM6 between Gly244%2% and Val256%4° and in the
ICL1-TM2 between Val7823* and Leu90%46.
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Figure 3.1: Clustering analyses of CXCR2 homology models. X-axis:
embedding dimesionl. Y-axis: embedding dimension 2. Each model is
identified with a number and the distance between the models represents the
RMSD. The templates and the pieces of software used to generate them are

reported in the figure.

The graph generated (Figure 3.1) allowed us to group the different homology

models and to select 9 models to use for the docking studies.

3.2.2 Molecular docking into CXCR2 homology model

The molecular docking of the NAMs in the selected models was performed
using Maestro from the Schrodinger suite. The grid used had its centroid
between Ala249%33 and Lys320%4° and it comprised all the residues involved
in the binding according to the mutagenesis studies. The compounds were
docked both selecting bonding with Lys3203%4° as a constraint or without any
constraint. This residue was chosen as a constraint as it is reported to be

crucial for NAMs binding to the receptor!*® and the constraint was removed
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to verify if the docked compounds were in effect interacting with Lys32084°,
The binding poses of the compounds docked into the homology models were
evaluated considering several factors. Firstly, how deeply the furan ring was
inserted into the binding pocket, then the number of interactions that the
compounds were making with crucial residues of the receptor present in the
mutagenesis studies, the binding score of the most selective compound, R-
navarixin (2), compared to the other NAMs and the presence of a distinction
between the R and S-navarixin (2, 24) enantiomers, reported to have notably
different affinity for CXCR2.!% Considering all the above parameters, the
model that most accurately represented R-navarixin (2) binding CXCR2 was

the one built using CCR9 (PDB: SLWE) as template.

Figure 3.2: (A) Side view of CXCR2 homology model built using CCR9
(PDB: 5LWE) as template with R-Navarixin (2) (orange). (B) View from the
bottom of the receptor of R-Navarixin docked pose (2) (orange). Crucial
receptor residues lining the pocket are shown as blue sticks. Image generated

with PyMOL.
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using CCRY (PDB: 5LWE) as template. Image generated with Maestro from

the Schrodinger suite.

The chosen homology model of CXCR2 exhibited several of the features
crucial for R-navarixin (2) binding. As shown in figure 3.2 and 3.3, the
methyl-furan part of the molecule is deeply inserted into the binding pocket
and R-navarixin (2) formed interactions with all the crucial amino acid
residues reported in the mutagenesis studies such as Phe32139, Lys32084°,
GIn319%48, Argl44°°° and Asp84%4° and the pocket where it binds is lined
with other residues present in the mutagenesis studies including Tyr314%43,
Ser81237, Val7823% and Ser76>32.13 Additionally, the docking score of R-
navarixin (2), generated by the docking software, is adequate and, crucially,
the compound is ranked first between the docked compounds (2, 8, 11, 24,
data not shown), indicating that its binding to the receptor is stronger than the
one of the other compounds docked into this model. On the negative side, this

model could not provide rationale which could justify the significant diversity
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in potency between the enantiomers, not showing any differences in their

binding poses.
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Figure 3.4: Structures of Cmp2105 (47) on the left and structure of Vercirnon

(48) on the right, intracellular allosteric modulators of CCR7 and CCR9

respectively.
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Figure 3.5: Homology modelling of the binding. Side view of (A) CXCR2
homology model built using CCR9 (PDB: 5LWE) as template with R-
Navarixin (2) (orange), (B) CCR9 (PDB: 5LWE) with vercirnon (48) (pink)
and (C) CCR7 (PDB: 6QZH) with Cmp2105 (47) (green). Image generated
with PyMOL.

To further evaluate the CXCR2 homology model selected, the binding pose
of R-navarixin (2) in the homology model was compared to the one of

Cmp2105 (47) in CCR7 (PDB: 6QZH)'* (Figure 3.5.C) and the one of
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vercirnon (48) in CCR9 (PDB: 5LWE)!*? (Figure 3.5.B), both published
structures with a modulator crystallized in. Cmp2105 (47) and vercirnon (48)
are intracellular allosteric modulators of their respective receptors, that bind
in intracellular pockets near the C-terminal region of their receptor, similar to
the one where R-navarixin (2) binds. Cmp2105 (47) possess a thiadiazole
dioxide core, vercirnon (48) a sulfonamide core while R-navarixin (2) has a
cyclobutenedione core.'* As shown in figure 3.5 the three NAMs (2, 47, 48)
present comparable binding poses into their respective receptors, and this
further supports the choice of the CXCR2 model chosen since homology
modelling of the binding can be seen for receptors with intracellular allosteric
modulators.

The chosen homology model, built using CCR9 as template, has contributed
profoundly to the initial design of the fluorescent ligand series in the absence
of a published X-ray crystal structure. The docking studies of R-navarixin (2)
in the homology model of CXCR2 showed the presence of crucial functional
groups in the compound that cannot be modified or removed without a loss
in binding and activity. The groups essential for binding are the methyl-furan
arm, the vinylogous amides and the ketone oxygens of the central
cyclobutene-dione core, the phenol hydroxyl group and the ketone oxygen of
the dimethylamide side of the molecule. On the other hand, the dimethyl-
amide part of R-navarixin (2) could be modified and elongated with the
attachment of a linker, since it is shown to protrude from the binding pocket,

not establishing any crucial interaction with the receptor.

3.3 Comparison between molecular docking into
CXCR2 crystal structure (6LFL) and into CXCR2

homology model

In 2020, the crystal structure of CXCR2 with a NAM (00767013, 5) bound
(PDB: 6LFL) was published.*> This allowed us to compare the generated
docking of R-navarixin (2) in the homology model of CXCR2 with the crystal
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structure of the receptor. It must be pointed out that although 00767013 (5)
and R-navarixin (2) possesses a very similar structure having both a 3,4-
diamino-cyclobutenedione core, they have two major differences. Firstly,
00767013 (5) possess a 3-hydroxypyridine while R-navarixin (2) has a phenol
moiety, secondly, the substituents on the furan ring are a 4-isopropyl in
00767013 (5) and a 5-methyl in R-navarixin (2). These variations in the two
compounds should be considered as they may generate some changes in the
relative binding poses into the receptor.

Firstly, the structures of 6LFL with compound 5 bound and the homology
model of CXCR2 with compound 2 docked in were superimposed (Figure
3.6).

Figure 3.6: View from the bottom of the receptor of the superimposition of
CXCR2 crystal structure (PDB: 6LFL) (green ribbons) with 00767013 (5)
(cyan) and CXCR2 homology model with CCR9 as template (blue ribbons)
with docked R-navarixin (2) (orange). Crucial receptor residues lining the
pocket are shown as green sticks. Residues that differ between 6LFL and
CXCR2 homology model are shown as green and blue sticks respectively for
6LFL and CXCR2 homology model (Glu249%%, Ala249%33 and Lys320%4).
Image generated with PyMOL.
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The superimposition of CXCR2 (PDB: 6LFL) and the selected homology
model of CXCR2 with their respective ligands was performed to assess how
different the two structures were and how the ligands were positioned in the
respective binding pockets. From figure 3.6, it can be appreciated that the two
receptor structures are nicely overlapped, and the binding poses of the two
NAMs are overall similar. They differ in the positioning of the hydroxyl group
respectively of the 3-hydroxypyridine in compound 5 and of the phenol in R-
navarixin (2) (Figure 3.6). This may be due to the slightly different

084 in the two structures, closer to TM7 in

positioning of residue Lys32
CXCR2 crystal structure than in the homology model, since this residue
makes a hydrogen-bond with the hydroxyl group of both compounds.
Moreover, the orientation of the furan ring is dissimilar, even though the
interactions made with the amino acid residues lining the pocket, such as
[1e73%%, are comparable. This may be explained considering the different
substituents on the furan ring, 4-isopropyl in 00767013 (5) and 5-methyl in
R-navarixin (2), which may sterically influence the binding in a dissimilar
way for the two compounds. It must be noticed that, in order to crystallize
CXCR2 (PDB: 6LFL), three mutations were introduced into the sequence,
including A249E*. The change of Ala249%% into Glu249%* may influence
the interaction of the modulator with the receptor since this residue is lining

the binding pocket, although it does not make any interaction with the ligand

(Figure 3.6).

To validate the docking methodology previously reported employed with the
homology model, compound 00767013 (5) was redocked with no constraints
selected, using Maestro from the Schrodinger suite, into the original CXCR2
x-ray crystal structure (PDB: 6LFL), in essentially exactly the same binding
9633

pose (Figure 3.7). The grid used had its centroid between Glu24
mutation of Ala249%33 and Lys320%4°,

, reported
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Figure 3.7: View from the bottom of the receptor of crystallographically
determined (cyan) and redocked (magenta) poses of 00767013 (5) in the
crystal structure of CXCR2 (PDB ID: 6LFL). Crucial residues lining the

pocket are shown as green sticks. Image generated with PyMOL.

This validated docking method was then used to dock R-Navarixin (2) in
CXCR2 crystal structure (PDB: 6LFL). The docking was performed with and
without selecting interaction with Lys320%4 as a constraint. This did not
make any difference in the binding pose or in the interactions with the
receptor, meaning that the bond with Lys320%%° would be present even

without its selection as constraint.
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Figure 3.8: Key interactions between R-navarixin (2) and CXCR2 (PDB:
6LFL). Image generated with Maestro from the Schrodinger suite.

As shown in figure 3.8, R-navarixin (2) establishes a large number of
interactions with CXCR2. The amino groups of the cyclobutene-dione core
form hydrogen bonds with Asp84%4°, the squaramide ketone oxygens form
hydrogen bonds with Phe32133° which interacts as well with the R-ethyl
group, the furan ring establishes hydrophobic interactions with Arg802-°,
[1e73%%, Val72228 and Lys3203%4°. The hydroxyl group in the phenol moiety
forms hydrogen bonds with Lys320%4° and Ser812*7 and the ketone oxygen
of the left arm of the molecule makes hydrogen bond with Ser81237. The
comparison between the interactions of R-navarixin (2) with CXCR2 (PDB:
6LFL) (Figure 3.8) and the interactions formed between 2 and the homology
model of the receptor generated (Figure 3.3) show several similarities and
some differences. The hydrogen bond that Asp84%4° forms with the
squaramide amino groups, the hydrophobic interactions between the furan
ring and the residues lining the pocket and the interaction of Lys320%4° and
the phenol moiety are maintained in both crystal structure and homology
modelling docking poses. Differently, Phe321%°° hydrogen bond with the

squaramide ketone oxygen of R-navarixin (2) in CXCR2 crystal structure
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(PDB: 6LFL) while it interacts with the furan ring in the homology model.
Ser81237 shows interactions with 2 only in CXCR2 crystal structure and,
conversely, Argl4433° interacts with the phenol ring of R-navarixin (2) in
CXCR2 homology model. On the whole, the binding poses of R-navarixin
(2) in CXCR2 crystal structure and in the homology model are similar and

the residues lining both binding pockets are identical.

To further evaluate the binding of the NAMs, R-navarixin (2) and 00767013
(5) both bound to CXCR2 (PDB: 6LFL) were superimposed (figure 3.9.A).

A

Figure 3.9: View from the bottom of the receptor of (A) docked pose of R-
Navarixin (2) (orange) and crystallographically determined pose 00767013
(5) (cyan) in the the crystal structure of CXCR2 (PDB ID: 6LFL) and (B)
docked poses of R-Navarixin (2) (orange) and S-Navarixin (24) (pink) in the
the crystal structure of CXCR2 (PDB ID: 6LFL). Crucial residues lining the

pocket are shown as green sticks. Image generated with PyMOL.
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The 3,4-diamino-3-cyclobutene-1,2-dione core of the two compounds is
positioned in CXCR?2 in a similar manner. The differences in binding mainly
reside in the parts of the molecules that possess different groups. Firstly, the
substituents on the furan ring, 4-isopropyl in 00767013 (5) and 5-methyl in
R-navarixin (2), may be the reason why the ring is flipped since they have a
different steric influence. Secondly, the positioning of the dimethyl-amide left
arm of the molecule may differ due to the different nature of 3-
hydroxypyridine and phenol moieties. Overall, through the generation and
evaluation of the homology model of CXCR2 and its comparison with the
recently published crystal structure (PDB: 6LFL), it has been shown that a
carefully, but artificially constructed receptor model could be remarkably

similar to the actual real structure.

S-navarixin (24) was also docked in CXCR2 crystal structure (PDB: 6LFL)
to try to elucidate the difference in potency and binding affinities between the
navarixin enantiomers that the homology model could not predict. As shown
in figure 3.9.B, the binding pose of the two compounds is comparable but the
docking score calculated by the docking software (Glide in Maestro from the
Schrodinger suite)?34-2%, on the contrary, is dissimilar. The docking score is
a predicted value of the free energy of protein-ligand binding. The score
function is used to rank compounds in order of binding strength, identifying
a more negative score with a stronger receptor binding and vice-versa. In
particular the GlideScore function is an empirical scoring function that
accounts for the physics of the binding process including terms such as
hydrogen bonds, liphophilic interactions, rotatable bond penalties,
contributions from protein-ligand coulomb-vdW energies?®* and terms that
accounts for the displacement of water molecules by a ligand with many
lipophilic protein atoms in close proximity, known as hydrophobic
enclosure.?®® The docking score is equal to the Glide score with applied Epik
state penalties, therefore the first one is more accurate to assess ligand
docking.

The docking score for R and S-navarixin (2, 24) are -8.6 kcal/mol and -7.3
kcal/mol respectively. A log difference in docking score could be considered

significant to provide a reason for the higher binding affinity of R-navarixin
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(2). In fact, for the S enantiomer (24), assuming a conformation convenient
for binding results in an energy loss, reflected in a higher docking score (the
lower the docking score, the strongest the binding) and this energy penalty

could explain the different binding affinities of the two compounds.

3.4 Molecular docking into humanized CXCR2 crystal
structure (6LFL)

The previously presented mutation of Ala249%33 to Glu249%%, inserted to
make the crystallization of CXCR2 possible*’, may influence the binding of
the NAMs to the receptor. This residue is close to the binding site, and it lines
the pocket where the ligands bind. Moreover, since the mutation of Ala249%-33
to Leu during mutagenesis studies resulted in a 280-fold loss in affinity of R-
navarixin (2)'*°, the impact of this mutation must be further evaluated to
understand if the mutated receptor can be used for accurate docking studies.
To understand the impact of this mutation, residue 249 of CXCR2 crystal
structure (PDB: 6LFL) was mutated back to alanine, using Maestro from the
Schrodinger suite. R-navarixin (2) was then docked into a this more
humanized sequence of the receptor following the same docking
methodology described and applied for the previous docking studies. The
binding pose of R-navarixin (2) and its interaction with CXCR2 did not
change with the presence of Ala249%33. This further validate the docking
methodology used and confirmed that the mutation A249E does not influence
the binding of the NAMs to the receptor. Moreover, the humanized CXCR2

structure can be used for future docking studies as a more accurate

representation of the native receptor.
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3.5 Conclusions and molecular docking of modified

CXCR?2 intracellular allosteric antagonists

In this chapter was presented the generation and evaluation of the homology
model of CXCR2, its comparison with the recently published crystal structure
(PDB: 6LFL) and the molecular docking of a potent CXCR2 NAM, R-
navarixin (2) into both structures. The aim of the docking studies was to
understand which parts of R-navarixin (2) could be modified to be able to
synthesize fluorescent probes for the study of this receptor. The binding pose
and interactions of R-navarixin (2) with the receptor were practically identical
in all the receptor model used for binding, which included the CXCR2
homology model, the published CXCR2 X-ray crystal structure (PDB: 6LFL)
and its humanized version with Ala249%33, The furan moiety, squaramide
moiety, phenol group and the carbonyl oxygen of the N-N-dimethyl amide
part of the molecule show interactions with different amino acid residues in
the binding pocket such as Phe3213%, Lys32084°, GIn319%4%, Arg1443°° and
Asp84%4 presented as important residues for NAM binding in mutagenesis
studies'?. These crucial groups could therefore not be removed or modified
without a significant loss in binding affinity. Conversely, in all models
employed for docking, the N-N-dimethyl amide moiety does not appear
critical for receptor binding as it is shown to protrude from the pocket towards
the cytosol without establishing any crucial interactions with CXCR2. This
side can therefore be a suitable side for attachment of a linker moiety and

associated fluorophore.

The N-N-dimethylamide side of R-navarixin (2) has been identified as an
appropriate point alterable with linker attachment. Therefore, the following
step consisted in the molecular docking of modified versions of the congener
into the humanized CXCR2 crystal structure (Ala249%%), employing the
docking methodology described and validated previously in this chapter.
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Figure 3.10: Structures of docked congeners compound 49a,b.

The compounds chosen (Figure 3.10) had a short Boc-protected
ethylenediamine linker instead of the N-N-dimethylamide of R-navarixin (2).
The two compounds differ for the amide methylation as compound 49a is
unmethylated while compound 49b is the methylated version. The amide
methyl group will be kept in a series of congener in order to check whether a
tertiary amide may influence the compounds interaction with the receptor and
their activity the with respect to a secondary amide, considering that R-
navarixin (2) presents a tertiary amide, which may have a beneficial effect on

receptor binding.

#
TYR-314

Figure 3.11: View from the bottom of the receptor of docked poses of R-
navarixin (2) (orange), 49a (grey) and 49b (purple) in the crystal structure of
CXCR2 (PDB ID: 6LFL). Crucial residues lining the pocket are shown as

green sticks. Image generated with PyMOL.

As shown in figures 3.11 and predicted from the previous docking studies

performed, the linker coupled amide side of the molecules extends in the
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cytosol, not interfering or preventing receptor binding. This confirmed this
point of R-navarixin (2) as ideal for modification and corroborate the idea that
the addition of longer linkers and a fluorophore moiety to this side of the
congener should not interfere with receptor binding. It would not be beneficial
trying to perform molecular docking with the final fluorescent probes because
the modelling of a long and excessively flexible linker is extremely complex
and could result in an inaccurate view of the binding. The two linker-coupled
congeners docked show a similar binding pose (Figure 3.11) but a difference
in docking score -7.4 kcal/mol and -8.2 kcal/mol for compound 49a and 49b
respectively. This may be a result of a dissimilar molecular conformation of
the two compounds. The methyl group could indeed introduce a
conformational restriction in the N-methylated analogue that may result in a
substantial molecular rigidity, forcing the molecule in a specific conformation
more favorable for receptor binding, while the unmethylated analogues, on
the contrary, may be more flexible and could require to spend energy to reach
the correct binding conformation. These data are not adequate to evaluate the
real binding affinity of a compound as there are more properties to take into
account and, ultimately, it can be accurately evaluated only through

pharmacological testing, presented in the next chapters.
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Chapter 4. Design and synthesis of
novel fluorescent CXCR2
intracellular allosteric antagonists
based on R-navarixin

The initial chemical synthesis and functional pharmacological evaluation of
the selected literature compounds, presented in chapter 2 of this thesis,
identified R-navarixin (2) as a potent CXCR2 NAM, clearly corroborating
what was reported in previous literature studies.*!"1%¢ Its potency at CXCR2
and its moderate selectivity for CXCR2 over CXCR1, were properties that
made R-navarixin (2) ideal as a congener to build a library of fluorescent
probes. Subsequently, the molecular modelling studies presented in the
previous chapter, allowed prediction of R-navarixin (2) binding to the
intracellular allosteric pocket of CXCR2. This allowed identification of a
suitable region of the molecule that was not crucial for receptor binding and
could therefore be modified with linker and fluorophore attachment. The
docking studies of R-navarixin (2), showed that the dimethylamide moiety of
the molecule protrudes from the binding pocket and is not predicted to
participate in any critical interactions with any amino acid residues in the
binding pocket. The other functional groups present on R-navarixin (2) such
as the phenol, the squaramide moiety and the methyl furan, on the other hand,
could not be removed or modified without a loss in binding. We therefore
decided to use the dimethylamide side of the molecule as anchor point to
initially add linkers of different lengths to which the fluorophore would be
coupled at a later stage. Fluorescent ligands are composed of three parts: the
congener, which contains the pharmacophoric region of the ligand, the
fluorophore, and the linker, which connects the two parts together (Figure
1.14, Chapter 1). For the generation of the desired library of CXCR2
intracellular allosteric fluorescent ligands, R-navarixin (2) was chosen as the
parent pharmacophore to which different linkers are coupled, prior to

fluorophore attachment.
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The initial synthetic plan was designed around the generation of a common
precursor, containing a free carboxylic acid moiety instead of the
dimethylamide present in R-navarixin (2), to which all the different linkers
would then be coupled at a later stage. This was intended to make the
synthesis more efficient, minimizing the number of synthetic steps. In order
to achieve this 3-nitrosalycilic acid (26), was employed as the starting point

in this synthesis.

Scheme 4.1 Synthesis of common precursor 52
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Reagents and conditions:(a) 10% Pd/C, H,, tetrahydrofuran (THF), RT,
47%; (b) diethyl squarate, EtOH, RT, 61%; (c) (R)-1-(5-methylfuran-2-
yl)propan-1-amine (30), EtOH, RT.

Initially a procedure present in patent US2004/0106794 A1 by Taveras et al.
was followed (Scheme 4.1). 3-Nitrosalycilic acid (26) was reduced to the
corresponding aniline (50) through a Pd/C catalysed hydrogenation in
tetrahydrofuran (THF) and, separately, (R)-1-(5-methylfuran-2-yl)propan-1-
amine (30) was reacted with diethyl squarate in ethanol to afford compound
51. Compounds 50 and 51 were then combined in ethanol to generate the
desired common precursor 52, which contains a free carboxylic acid moiety.
The last step of this synthetic route did not result in the formation of any
product. This is probably due to the fact that aniline 50 is not reactive enough
to perform the second displacement of the squaric acid monoamide

monoester. The second displacement is more difficult to happen with respect
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to the first one, which, in this synthetic route, was performed using the more
nucleophilic chiral primary amine 30. The mono-squaramide is deactivated
compared to diethyl squarate and this may be rationalised by the increased
resonance stabilization of mono-squaramides compared to diethyl
squarates.?®” This decreased reactivity can also be exploited to allow the
reaction to be controlled such that the mono-squaramide generated does not
easily react further to give symmetrical bis-squaramides.?®” Moreover, the
reduced nucleophilicity of aromatic amines compared with aliphatic amines,
results in longer reaction times in displacement reactions with diethyl
squarates.?®’

Compared to R-navarixin (2) synthesis (Scheme 2.1, Chapter 2), where the
first displacement on the diethyl squarate is done using the dimethylamide
phenolic aniline and the second one with the chiral amine 30, in this tried
approach (Scheme 4.1) the displacements on the diethyl squarate are reversed
and are done firstly with the amine and secondly with aniline 50. Having
pointed out that the second displacement on the squarate is more challenging
with respect to the first one, the difference in reactivity between anilines and
amine should also be considered in order to clarify why the final step in the
synthesis did not succeed. Anilines are less reactive than amines because the
nitrogen lone pair can be delocalized into the benzene ring and because the
nitrogen is attached to a sp? carbon although the lone pair of the nitrogen is
not fully conjugated to the benzene ring, as the plane of the NH> group is
about 40° away from the plane of the ring.?*8

Moreover, it should be pointed out that aniline 50 is also less reactive than
aniline 28 used in R-navarixin (2) synthesis, having a carboxylic acid instead
of an amide in meta position to the aniline. A carboxylate is inductively
electron-withdrawing and could therefore reduce the reactivity of the aniline.
Having established that this synthetic pathway was not a viable option, it was
decided to modify it, removing the established problematic steps explained in

this section, which lead to the synthesis presented in scheme 4.2.
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Scheme 4.2 Alternative synthesis of common precursor 52
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Reagents and conditions: (a) Diethyl squarate, N, N-diisopropylethylamine
(DIPEA), 1,4-dioxane, microwave (MW) 120 °C, 78%; (b) (R)-1-(5-
methylfuran-2-yl)propan-1-amine (30), EtOH, RT, 29%.

As pointed out previously, the order of the displacement reactions performed
on the diethyl squarate is crucial for a positive outcome of the synthetic route.
It was therefore decided to react the diethyl squarate firstly with aniline 35
and secondly with (R)-1-(5-methylfuran-2-yl)propan-1-amine (30).
Interestingly, the conditions of the first squarate displacement had to be
optimized in order for the reaction to proceed and to obtain an acceptable
yield. The initial conditions used for step (a) in scheme 4.2 were those
employed for the same step during R-navarixin (2) synthesis (Scheme 2.1,
Chapter 2)'%, in which the reaction was performed at room temperature using
ethanol as solvent. Interestingly, the ethoxy displacement with aniline 50 did
not happen at room temperature but did proceed on heating (microwave 120
°C). It was also necessary to change the solvent from ethanol to 1,4-dioxane.
It is probable that ethanol gave problem as reaction solvent, in this particular
case, because it may have acted as a nucleophile, regenerating the starting
material. In addition, protic solvents are able to form hydrogen bonds and
may have a cage effect on the nucleophile, thus making it weaker.28-2°!
Moreover, compound 50 is a hindered aniline with a phenol in the ortho
position and a carboxylic acid meta substituent, which may make the aniline
less reactive. Taking into consideration all these observations, it is clear that
the squarate displacement in scheme 4.2 is markedly different from the one
performed during R-navarixin (2) synthesis. Aniline 28 presents an amide
group in meta position to the aniline, which has a lower electron-withdrawing

effect and is less involved in potential intramolecular hydrogen bonding,
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resulting in being a more reactive aniline than 50.

The common precursor 52 was generated but presented challenges during the
purification step. The clean product partially precipitated during the reaction
workup but, since the yield was low, the residual product, extracted in the
organic phase, needed to be purified. The free carboxylic acid present in the
compound posed significant complications during this step in both reverse
phase and normal phase conditions probably due to its instability in aqueous
environment, and it was therefore not possible to purify the product without
experiencing a loss in yield.

Subsequently, coupling reactions of amine linkers with compound 52 were
attempted but were not successful, maybe due to the difficulty to activate the
acid with a coupling agent®2,

Overall, the free carboxylic acid compounds were complex to handle during
the synthesis, not only in the reactions themselves but also during their
purification.

A new, more efficient synthetic strategy involving simpler purification steps
was needed and this required the removal of the free carboxylic acid group.
It was therefore decided to start the synthetic route with the incorporation of
two different short Boc protected linkers, N-(2-aminoethyl)amide or N-
methyl-N-(2-aminoethyl)amide linker, acting as handles for subsequent linker
couplings, and to conduct the synthesis of each compound series separately
(Scheme 4.3). These initial linkers were chosen to assess the importance of
the N,N-dialkylamide moiety present on R-navarixin (2). Therefore, two
series of linker-coupled compounds were generated through the addition of
an initial N-(2-aminoethyl)amide or N-methyl-N-(2-aminoethyl)amide
spacer. Once N-Boc protection has been removed, the terminal primary amine
functionality present on this spacer will allow either direct reaction with a
suitable N-reactive fluorescent dye, or further elongation of the linker through
incorporation of a glycyl or f-alanyl moiety. Short simple amino acids were
chosen as additional linkers to assess whether a small elongation of the linker
length could have a considerable influence on the activity of the fluorescent
probes. Moreover, the fluorophore chosen (BODIPY 630/650-X) for the final
coupling and generation of fluorescent probes already contains an

aminohexanoyl linker.
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Scheme 4.3 Synthesis of common precursors 49a and 49b
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Reagents and conditions: (a)(i) (COCl),, DMF, CH2Cl>, RT; (i1)) BocNH-
(CH2)2-NHR, CH2Cla, 0 °C, 50-70%; (b) 10% Pd/C, Hz, EtOH, RT, 90%; (c)
diethyl squarate, EtOH, RT, 40-70%; (d) (R)-1-(5-methylfuran-2-yl)propan-
I-amine hydrochloride (30), EtsN EtOH, RT, 50-60%.

3-Nitrosalicilic acid (26) was initially converted to the amides 54a-b. This
was achieved firstly by the formation of the corresponding acyl chloride via
a modified Vilsmeier-Haack reaction, which was then reacted with zert-
butyl N-(2-aminoethyl)carbamate or tert-butyl (2-
(methylamino)ethyl)carbamate at 0 °C. The nitro moiety of compounds 54a-
b was reduced, through catalytic hydrogenation over 10% Pd/C, to afford the
corresponding anilines 55a-b. These were then reacted with diethyl squarate
in ethanol to afford the corresponding squaric acid monoamide monoesters
56a-b which were subsequently treated with (R)-1-(5-methylfuran-2-
yl)propan-1-amine (30) to afford compounds 49a-b. Interestingly, the
generation of amides 54a-b via acyl chloride formation is a more efficient
approach compared to any previously attempted amide couplings involving
the use of a coupling agent. This may be due to a difficulty in the carboxylic
acid activation step with a coupling agent, which is overcome in the acyl
chloride approach, and this may be the reason why R-navarixin (2) synthesis
employs this method instead of a coupling agent for amide formation. The

common precursors 49a-b were generated and, in order to perform coupling
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reactions with additional linkers or fluorophores, the terminal amine required

N-Boc deprotection (Scheme 4.4).

Scheme 4.4 Attempted N-Boc deprotection of compounds 49a-b
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Reagents and conditions: (a) 4M HCI/1,4-dioxane, RT or TFA/CH,ClL,, RT
or 85% aq H3PO4/CH2Cly, RT.

N-Boc deprotection was initially attempted using 4M HCI in 1,4-dioxane at
room temperature, but unexpectedly the straightforward N-Boc deprotection
was found not to occur. Further analysis of the reaction mixture revealed that
the compounds were cleaving, generating first an amino squarate (57a,b) and
then they were Boc deprotecting (58a,b) (Figure 4.1). In order to avoid the
degradation of the starting material, several other conditions were attempted
to effect N-Boc removal. Initially different acidic conditions were explored in
order to understand if the molecules were sensitive to any conditions
involving acid or if the usage of other acids may have been tolerated. 2,2,2-
Trifluoroacetic acid (TFA) in dichloromethane and 85% aq. H3POs in
dichloromethane were tried as alternative conditions but both resulted in the
same as outcome in terms of molecular degradation. It was therefore clear
that the molecules were sensitive to acidic environments and that this could
be due to the presence of the squarate next to the furan ring, which could open

293

in these conditions=”~. The potential mechanism happening to compounds

49a-b in acidic conditions is shown in figure 4.1.
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Figure 4.1: Proposed mechanism for N-Boc deprotection of compounds 49a-

b under acidic conditions for observed mass spectrometry data obtained.

Having established that acidic conditions needed to be avoided, N-Boc
deprotection of compounds 49a-b was attempted employing alternative
methods such as treatment with tetra-N-butylammonium fluoride (TBAF) in
THF, with potassium zert-butoxide in THF?*** both at room temperature and

at reflux conditions, with FeCls in dichloromethane?®®>->%¢

at room temperature
and with (Cu(OTf)2)*7 in dichloromethane at room temperature. No product
generation was observed with any of these conditions, and the starting
material appeared to remain unreacted. It was subsequently decided to exploit
high temperature as a method to thermolytically N-Boc deprotect the

compounds,??%-302

Compounds 49a-b were dissolved both in water only and
in a mixture of N-methyl-2-pyrrolidone (NMP) and water and heated in the
microwave up to 150 °C and 160 °C for up to 1 hour but no reaction was
observed. The compounds were also dissolved in methanol and treated with
K3PO4 H,0 in the microwave at 120 °C3% but also this approach did not result
in any product formation. Overall, all the N-Boc deprotection methods
involving acidic conditions resulted in the decomposition of the compounds
while the milder methods which involved either basic or high temperature

conditions did not give any product formation, leaving unreacted starting

materials (Table 4.1).
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Table 4.1 49a-b N-Boc deprotection conditions

N) Conditions Temperature Outcome
1) 4M HCV/ RT Molecule
1,4-dioxane degradation
2) TFA/ CH2Cl2 RT Molecule
degradation
3) aq H3PO4/ RT Molecule
CH2Cl, degradation
4) TBAF/ THF RT or reflux No reaction
5) KOrBu/ THF RT or reflux No reaction
6) FeCls/ CH2Cl, RT No reaction
7) (Cu(OT*))/ RT No reaction
CH:Cl;
8) H20 or 150-160 °C No reaction
NMP/ H>0O (MW)
9) KsPO4/ H2O 120 °C (MW) No reaction

To confirm that the acid sensitive portion of the molecule was the furan ring,
it was decided to attempt to N-Boc deprotect the previous intermediates in the
synthesis, 56a-b, which would also allow us to save a valuable intermediate
of the synthesis. The deprotection of compounds 56a-b was achieved with
acidic conditions, 4 M HCI in dioxane and TFA in dichloromethane
respectively, that did not result in any compound decomposition and gave
clean unprotected intermediates S9a-b. Interestingly, for the methylated
compound 56b, the use of HCl/dioxane for deprotection resulted firstly in the
hydrolysis of the squarate ethyl ester and subsequently Boc deprotection of
the compound, not seen with the unmethylated analogue, and this did not
happen with the use of TFA. This difference between the compounds may be
due to the different intramolecular hydrogen bonding pattern that they possess
(explained in more details in Chapter 6) which may leave, in the case of the

methylated compound, the ethyl group more susceptible to leave, not being
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involved in any intramolecular interaction. A protecting group for the
generated unprotected amines and for the new amine linkers that would be
added, was still necessary, since the final chiral amine addition step still
needed to be performed to afford the final congeners. The
fluorenylmethoxycarbonyl protecting group (Fmoc) was therefore identified
as a suitable protecting group since it is removed under basic conditions,

under which the molecule is stable.

Scheme 4.5 Synthesis of linker-coupled compounds
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60a R=H;Y =Fmoc 60b R =Me; Y =Fmoc 61a R=H;Y=Fmoc 61b R =Me; Y = Fmoc
60c R=H;Y =Fmoc-Gly- 60d R=Me;Y =Fmoc-Gly- 61c R=H;Y=Fmoc-Gly 61d R =Me;Y = Fmoc-Gly
60e R =H;Y =Fmoc-B-Ala- 60f R =Me;Y =Fmoc-B-Ala- 61e R=H;Y=Fmoc-B-Ala 61f R =Me; Y = Fmoc-B-Ala

Reagents and conditions: (a) 4M HCI/1,4-dioxane or TFA/CH>Cl,, RT,
100%; (b) (9H-fluoren-9-yl)methyl (2,5-dioxopyrrolidin-1-yl) carbonate
(Fmoc-OSu), N,N-diisopropylethylamine (DIPEA), CH>Cly, 0 °C, 39-58%;
(¢) Fmoc-Gly-OH or Fmoc-B-Ala-OH, 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDCI), 1-hydroxybenzotriazole (HOBt), CH>Cl>, 0 °C, 11-
42%; (d) (R)-1-(5-methylfuran-2-yl)propan-1-amine hydrochloride (30),
EtsN EtOH, RT, 50-60%;

As previously explained and as shown in scheme 4.5, the N-Boc deprotection
of 56a-b was achieved by treatment with either 4M HCI/1,4-dioxane or
TFA/CH2Cly. The deprotected compounds were subsequently either Fmoc
protected using Fmoc-OSu and N,N-diisopropylethylamine (DIPEA) in
dimethylformamide (DMF) to give 60a-b or coupled to Fmoc-Gly-OH or
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Fmoc- B-Ala-OH wusing 1-etyl-3 (3-dimetylaminopropyl) carbodiimide
(EDCI), hydroxybenzotriazole (HOBt), DIPEA in CHxCl> to afford 60c-f
respectively. Compounds 60a-f were subsequently stirred at room
temperature in the presence of (R)-1-(5-methylfuran-2-yl)propan-1-amine

(30) to afford protected congeners 61a-f.

Scheme 4.6 Fmoc deprotection and fluorophore coupling

(o) (o]
: =
Yoy~ N N

o) o]
N O _ab O\AH'@\(V\H/\/N H N o
H o onu f H | ) o) O OH Ry

61a R=H;Y=Fmoc 61b R=Me; Y =Fmoc 62a R=H;Y=- 62b R=Me; Y =-
61c R=H;Y=Fmoc-Gly 61d R=Me;Y =Fmoc-Gly 62c R=H;Y=Gly 62d R=Me; Y =Gly
61e R=H;Y=Fmoc-B-Ala 61f R =Me;Y =Fmoc-B-Ala 62e R=H;Y=p-Ala 62f R=Me; Y =p-Ala

Reagents and conditions: (a) 20% piperidine/DMF, RT; (b) BODIPY
630/650-X NHS ester, DMF, RT, 34-69%.

Base-mediated N-Fmoc cleavage of 6la,c-f in the presence of
piperidine/DMF afforded the corresponding free amines, which were not
isolated, but directly acylated with BODIPY 630/650-X NHS ester to afford
the desired fluorescent probes 62a,c-f (Scheme 4.6). Unfortunately,
compound 61b was found to be chemically unstable thus the corresponding
fluorescent probe 62b was found not to be synthetically accessible, despite
multiple attempts at purification it was not pure enough for pharmacological

testing.
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Chapter 5. Pharmacological evaluation
and application of novel fluorescent
CXCR?2 allosteric antagonists

5.1 Pharmacological evaluation of linker coupled

congeners

The previous chapter described the synthesis of compounds based on R-
navarixin (2), modified through the addition of different linkers on the
dimethylamide side of the molecule, which were employed as congeners for
the generation of the fluorescent ligand library. The modification that the
parent congener, R-navarixin (2) underwent could have an influence on
receptor binding and, overall, on the potency of the compounds. For this
reason, the activity of protected congeners 49a-b, 61a, 61c was evaluated in
order to determine any functional effect that may be a result of linker addition.
To assess the activity of the compounds, the NanoBiT complementation assay
previously presented in Chapter 2.2, measuring CXCL8 stimulated
244

recruitment of B-arrestin2 to the human CXCR2 receptor

2.3, Chapter 2).2%

, was used (Figure

To assess the initial pharmacological activity of the synthesized protected
congeners, the HEK293 CXCR2/B-arrestin2 NanoBiT cell line was pre-
treated with 2, 49a-b, 61a, 61¢ in a concentration dependent manner (10 uM
- 0.1 nM) for 30 minutes prior to furimazine addition and CXCL825.99
stimulation. 10 nM CXCL828.99 was used as the stimulus for determination of
the NAM ICsy, as this represents an ECgo concentration of the CXCL82g.99.
The luminescence represents basal and agonist stimulated p-arrestin2
recruitment by the CXCR2 receptor, and it was recorded for up to 60 minutes
after agonist activation. The data at 60 min are presented in Figure 5.1 and

pICso values of the tested compounds are summarized in Table 5.1.
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Figure 5.1: Concentration inhibition curves for compounds 2, 49a-b, 61a,
61c, demonstrating the effect on 10 nM CXCLS responses in the CXCR2-
Parrestin2 NanoBiT assay. Cells were pretreated for 30 min with test
compounds, followed by 60 min CXCLS8 stimulation. The data shown
represent are pooled from three individual experiments (mean = SEM) with

each experiment performed in technical duplicate.
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Table 5.1. Functional inhibition of CXCR2 employing the NanoBiT assay

(pICso) for protected congeners (49a-b, 61a, 61¢) compared to R-navarixin

2).

Compound pICso+ SEM*
2 8.54 +0.04
49a 7.54 +£0.10
49b 7.93+£0.11
6la 6.67 +0.09
61c 5.95+0.15

*All data are mean + SEM of individual estimates from n = 3 separate
experiments.

R-Navarixin (2), was used as reference for the assay and it showed the highest
potency overall, in line with previously published data.’** The following
order of inhibitor potency for the linker congeners 2>49b > 49a > 61a > 61c
was observed, with a 3 fold loss of potency between 2 and 49b, and
approximately 400 fold between 2 and 61¢. Compounds 49a and 49b differ
only through the N-methyl status of the salicylamide moiety, in which the N-
methylated analogue (49b) had 2.5-fold higher potency compared to the
corresponding unmethylated analogue (49a). The influence of linker length
and nature of the protecting group present on the congener can be observed
when comparing 49a, 61a and 61c. Compounds 49a and 61a, comprise only
the initial ethylenediamine spacer with different protecting groups, N-Boc
and N-Fmoc respectively, whereas 61c¢ additionally incorporates an N-Fmoc
protected glycyl linker. These analogues demonstrated an association
between decreased functional potency and the larger Fmoc protecting group.
Overall linker addition to R-navarixin (2) via the amide moiety identified in
the docking studies performed and described previously in chapter 3,

appeared tolerated, and activity of the modified analogues as antagonists /
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NAMs appeared retained in the functional NanoBiT assay. Furthermore, this
assessment was performed in a whole cell assay, which also requires the
designed NAMs to cross the plasma membrane and bind at the intracellular
CXCR2 binding site. Therefore, the difference in potency observed in this
assay may reflect not only an influence on CXCR2 binding affinity and
kinetics, but different physicochemical properties of the linker-coupled

compounds that influence their cellular permeabilities.

5.2 Introduction to NanoBRET detection of ligand
binding

To evaluate the binding affinities of the fluorescent probes 62a, 62c-f at
CXCR2, a bioluminescence resonance energy transfer (NanoBRET) assay
was generated and performed both in CXCR2 membranes and whole cells. In
this technique a bioluminescent donor is attached to the protein of interest and
the second interacting molecule, protein or ligand, is labelled with a
fluorescent molecule which acts as the acceptor molecule.’”® BRET takes
advantage of a enzymatic reaction to generate donor luminescence in the
presence of a substrate, and therefore does not require external fluorescence
excitation, unlike in the case of Forster resonance energy transfer (FRET)

techniques.290-39

This represents an advantage since it results in
minimization of photobleaching, decreased background noise, and simplified
analysis of the BRET signal.>®® The donor luciferase oxidises its substrate,
resulting in light emission. The nonradiative transfer of this light energy
occurs when the donor and acceptor-tagged proteins are in close proximity.2%
This results in the excitation of the acceptor fluorescent moiety, which emits
light of a longer wavelength. In order for this energy transfer process to occur,
the two proteins need to be within 10 nm of each other, in the right orientation
and there must be an overlap of the donor emission and acceptor excitation
spectra.??%3%7 NanoLuc is especially useful in BRET assays since its increased
brightness of emission results in a substantial light emitted over a range of
wavelengths which allows it to be used in conjunction with a range of

acceptor fluorophores®?, including those at the red end of the spectrum used

here in the designed fluorescence ligands. This also improves specificity of
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the signal as the emission measurement is less affected by issues such as

cellular autofluorescence.

CXCR2

Acceptor
fluorophore

U

Energy transfer

Figure 5.2: Representation of the CXCR2 NanoBRET binding assay. BRET
occurs upon co-localization of the Nanoluciferase and the intracellular
fluorescent ligand, allowing dual readout of donor luminescence at 450 nm
and acceptor fluorescence at 630 nm to generate a BRET ratio (acceptor /

donor).

The initial step in developing a BRET-based ligand binding assay consists in
labelling the receptor with a luciferase.??® In our assay, HEK 293 cells
expressed CXCR2 fused with full length NanoLuc at the intracellular C-
terminus, as shown in figure 5.2. This is in contrast to the majority of GPCR
ligand binding assays reported to date, involving a transmembrane or
extracellular ligand binding site, in which the Nanoluc is located
extracellularly on the N terminus. The NanoLuc acts as the donor
bioluminescent enzyme from which the energy transfer occurs in the presence

of membrane permeant furimazine’®®, and the fluorescent ligand is the
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acceptor fluorophore. Since the energy transfer only occurs when there is

close proximity (<10 nm) between the donor and the acceptor’®®

, it is possible
to monitor specific, homogeneous, measurements of fluorescent ligand
binding to the receptor of interest through the increase in BRET ratio
(acceptor emission 630 nm/donor emission 450 nm) in real time, without
removal of free ligand.**® BRET-based binding assays allowed the studies of
receptor signalling, receptor-protein interactions, protein recruitment and
trafficking. There are extensive reviews presenting the use of fluorescently
labelled compounds in  BRET assays to investigate protein-protein

200,306,309,310

interactions in real time with applications to multiple GPCRs and

tyrosine kinase receptors (RTKs),200-201:206311-313

5.3 Investigation of novel fluorescent ligands as
suitable probes for CXCR2 NanoBRET binding

assays

The binding of the generated fluorescent ligands (62a, 62¢-f), which synthesis
was previously described in chapter 4, was initially tested in a cell free
NanoBRET assay using HEK-CXCR2-NanoLuc membranes or whole cells
(Figure 5.3), using a saturation assay format comparing increasing
concentrations of fluorescent probe with or without 10 uM R-navarixin (2) to
determine non-specific binding (NSB). The CXCR2-NanoLuc construct
behaves like wild type. Based on comparison with pharmacological assays
performed previously, the addition of the NanoLuc luciferase does not modify
the potency of CXCLS8.4!-182

Membrane binding assays used a HEPES based binding buffer at pH7.4
containing MgClz and 0.1 % BSA, in the absence of NaCl, while cell based
assays used HBSS / 0.1 % BSA (Chapter 8). Endpoint saturation data were
generated from 60 min incubations at 37 °C, confirmed as equilibrium

conditions in later kinetic data (see Figure 5.3).
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Figure 5.3: Fluorescent ligand (62a, 62¢-f) NanoBRET saturation binding
studies in CXCR2 membranes (left column, A, C, E, G, I), CXCR2 whole
cells (central column, B, D, F, H, J) in the absence (blue) or presence (black)
of 100 nM (membranes) or 10 uM (whole cells) R-navarixin (2) used to
measure non-specific binding (NSB). Data are representative experiments

from n = 5 individual experiments performed in duplicates.

Table 5.2 Binding affinities of the fluorescent ligands in CXCR2 membranes
or CXCR2 whole cells determined by saturation binding assays.

o. o0
f P ON=g
O\)J\NWY\N/\/N N~ ONTNO
H o H o oH " Holy

R=H;Y=-
R=H;Y=Gly 62d R =Me;Y =Gly
R=H;Y=B'A|a 62f R:Me;Y:B-A|a

Compound Kp+ SEM* (nM)
CXCR2 membranes CXCR2 whole cells
62a 137+ 12 549 + 83
62c 301 +31 -
62d 9.0+4.9 52+7
62e 45+ 4 82+ 14
62f 27+3 88 +23

*All values represent mean + SEM of n=5 separate experiments.

All the ligands showed saturable binding and low NSB (with the exception of
62c in whole cells), from which affinities could be determined (Table 5.2).
The N-methylated ligands 62d and 62f showed the highest CXCR2 binding
affinities (Kp 10 — 27 nM; Table 5.2), indicating that the N-methyl group
substituent improves binding affinity, as predicted in the earlier functional

congener study (Table 5.1). The linker composition also influenced probe
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binding affinity, as evident in the comparison of non-methylated analogues
with the order of Kp for 62e > 62a > 62¢ (10 fold change in total; Table 5.2).
A longer B-alanine linker (62e) improved binding affinity compared to
glycine linker (62¢) and to no additional linker (62a). This may be due to the
ability of a longer linker to form more interaction or to its effect on the
lipophilicity of the compound. Conversely, only a glycine linker (62c¢)
decreased binding affinity with respect to the absence of linker (62a), as

previously seen with the linker coupled compounds 61a and 61¢ (Table 5.1).

Additionally, the use of fluorescent ligands within a homogeneous real-time
NanoBRET system facilitated characterization of ligand binding kinetics. As
an example, the association rate of different concentrations of tracer 62a (in
the absence and presence of 10 uM R-navarixin (2) to define non-specific
binding) was measured over 60 minutes (Figure 5.4). By fitting a one site
association model for probe binding to these data, the association rate
constant kon (1.9 = 0.2 x10° M'min!), and dissociation rate constant kof
(0.013 £+ 0.005 min') for 62a could be estimated. From this a kinetically
derived pKp 7.3 £ 0.2 (n=4) of compound 62a could be derived (as the ratio
of Kofr / kon) which was in line with endpoint derived Kp from saturation
binding (Table 5.2). Additional plotting of determined kobs determined within
these kinetic assays validates the use of a one-site association model through
derivation of a linear relationship between kobs and ligand concentration

(Figure 5.4 E-F).

Furthermore, saturation binding and kinetic association experiments were
also carried out in the presence of 10 nM CXCL8 for comparison, a
concentration predicted to be substantially higher than CXCL8 Kp for
CXCR2 (Figure 5.4). The rationale for this study was the potential ability of
the orthosteric bound chemokine to influence the NAM binding site and the
affinity of the intracellular directed probe. Interestingly, it was observed that,
under agonist conditions, the affinity and kinetic parameters of 62a displayed
no significant difference to that determined in the absence of CXCLS8 (62a +
10 nM CXCLS8, Kp= 149 £+ 16 nM, p = 0.45, n=4, Student’s paired t-test; kon
=1.7+£0.2 x10° M'min’!, koge= 0.014 + 0.005 min™!, n = 4). This observation
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is consistent with [*H]navarixin binding studies performed by Gonsiorek et
al*', in which CXCL8 at high concentrations failed to compete for
[*H]navarixin binding.*"'*® Together these data suggest that orthosteric

chemokine does not modulate the CXCR2 affinity of navarixin based probes.

109



BRET Ratio (630/460nm)

BRET Ratio (630/460nm)

—o— 500nM —+ 125nM
- 250nM -+ 62.5nM -e- 15.625nM - 4nM

Kobs

0.5

0.4

0.3

0.2

0.1+

Vehicle

0.3

E

0.10

0.08 -

0.06 -

0.04

0.02

[

-e— Total binding

62a] (nM)

Time (min)

31.25nM = 7.8nM

0.00

[62a] (nM)

B 10nM CXCL8
0.5

0.4
0.3

0.2

0.1+

BRET Ratio (630/460nm)

[62a] (nM)
-o— Total binding -+ NSB

D

0.3

BRET Ratio (630/460nm)

Time (min)
- 500nM —+ 125nM 31.25nM = 7.8nM
= 250nM -+ 62.5nM -e- 156nM  -a- 4nM

F

0.10
0.08

0.06 ®

Kobs

0.04

0.02-e

0.00 4rrrrrrr e e .

[62a] (nM)

Figure 5.4: Endpoint and association kinetic analysis for 62a in CXCR2

membranes in the absence and presence of the orthosteric CXCL825.99

agonist. 62a NanoBRET saturation binding and association kinetic studies

were performed in CXCR2 membranes in the absence of CXCLS8 (A, C) and

in the presence of 10 nM CXCLS (B, D). Data are representative experiments

from 4 performed. Plot of [62a] concentration against kops in the absence (E)

and in the presence (F) of 10 nM CXCLS8 showing binding following a simple

law of mass action model with kobs increasing with concentration in a linear

manner. Plot is linear if binding to a single affinity site in the receptor

population.
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Having determined fluorescent ligand binding affinities in membranes we
sought to employ these ligands within a cellular setting. Whole cell studies
would provide an idea of whether the ligands could cross the cell membrane
as well as receptor binding, since the navarixin allosteric binding site is on
the intracellular side.*>*>13% 62a, 62c¢-f were tested in the whole cell format
of the CXCR2 NanoBRET assay previously described in this chapter. As
shown in figure 5.3. B, D, F, H, J, we were able to measure saturable binding
and determine Kp values for all compounds except for 62¢, with the same
rank order of affinity as seen in the membrane assay, and a drop in apparent
Kp of 1.8 — 5.8-fold compared to membranes. The N-methylated fluorescent
ligands 62d-f and compound 62e again possessed the highest affinity in the
whole cell system as seen in the cell free environment, with Kp values of 52
— 88 nM. These experiments demonstrate the applicability of these
fluorescent probes in both membrane and cell based CXCR2 binding assays.
Moreover, cell accessibility of the probes was also confirmed by direct
fluorescent imaging of the CXCR2 cell line, co-labelled with the SNAPtag
receptor fluorophore SNAPIlabel-AF-488 to identify the SNAP-CXCR2
protein, and 62a (Figure 5.5). The CXCR2-SNAPtag construct behaves like
wild type. Based on comparison with pharmacological assays performed
previously, the addition of the SNAPtag does not modify the potency of
CXCL8.#1182 The data generated demonstrated predominantly cell surface
and some intracellular endosomal fluorescent labelling of the cells by 62a.
62a labelling was competitively displaced by a high concentration of

unlabelled R-navarixin (2).
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SNAPsurface AF-488 Overlay

1uM 62a

1uM 62a + 10uM 2

Figure 5.5: Live cell imaging of 62a binding to SNAP-tagged CXCR2-
NanoLuc HEK293. Cells were pre-labelled for 30 min with SNAPsurface-
AF488 to identify the SNAP-tagged receptors (green), prior to incubation of
62a (red) in the absence or presence of 10 uM 2 to define non-specific binding

(10 min at 37 °C), prior to fluorescence imaging. Scale indicates 20pm.

5.4 Selectivity studies: CXCR1

Given the reported 100-fold CXCR2:CXCR1 functional selectivity for the
parent NAM R-navarixin (2)*!, the selectivity of probes 62a, 62¢c-f for the
related chemokine receptor CXCR1 compared to CXCR2 was assessed. This
was performed in a cell free NanoBRET assay using HEK-CXCR1-NanoLuc

membranes.
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Figure 5.6: Fluorescent ligands (62a, 62c-f) NanoBRET saturation binding
studies in CXCR1 membranes (A, B, C, D, E) in the absence (blue) or
presence (black) of 10 uM navarixin (2) used to measure non-specific binding
(NSB). Data are representative experiments from n = 5 individual

experiments performed in duplicates.

Table 5.3 Binding affinities of the fluorescent ligands in CXCR2 and CXCR1

membranes determined by saturation binding assays.

Compound Kp+ SEM* (nM)
CXCR2 membranes | CXCR1 membranes
62a 137+ 12 -
62c 301 £31 -
62d 9.0+£49 101 £ 21
62e 45+ 4 -
62f 27+3 372 +£107

*All values represent mean + SEM of n=5 separate experiments.

As shown in figure 5.6 compounds 62a, 62¢ and 62e showed no CXCR1
specific binding. However, saturable CXCR1 binding was observed for the
N-methyl compounds 62d and 62f, with respectively 11-fold and 14-fold
reductions in affinity at CXCR1 compared to CXCR2 (Table 5.3). These data
demonstrate that the selectivity of the fluorescent probes for CXCR2 over
CXCRI is retained. However, 62d and 62f possess sufficient affinity to be
used in a CXCR1 NanoBRET assay probing for the corresponding
intracellular binding site. 62d also demonstrated a higher Bmax BRET ratio
than 62f to enhance the assay window for the binding assay, potentially
arising from a reduced distance and / or improved origination of the
fluorescent ligand pharmacophore relative to the donor luciferase tag in the

CXCR1 fusion protein.
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Overall, the generated fluorescent ligands 62a, c-f all bind CXCR2 both in
membranes with affinities of 9 — 300 nM. In particular, the N-methyl
fluorescent ligands 62d and 62f were found to have the highest affinities in
both CXCR2 membranes and whole cells. Interestingly, this also translated
to the ability of 62d and 62f to bind CXCR1 with sufficient affinity, although
CXCR2 selectivity characteristic of the navarixin pharmacophore was
retained. Thus, the use of 62d in particular could be extended to development
of CXCR1 binding assays exploring NAM receptor pharmacology as well as
CXCR2. Having a library of fluorescent probes with a range of binding
affinities could prove to be beneficial in terms of fluorescent ligand-based
assay development to determine ligand binding to the receptor. For example,
theoretically, a fluorescent probe possessing fast kinetics (and lower receptor
affinity) extends the range and accuracy of determination of unlabelled ligand
kinetic parameters in competition kinetic NanoBRET assay development.?>
Moreover, compounds 62a, d-f were able to cross the cell membrane and
reach their intracellular binding site. They showed similar orders of affinity
to CXCR2 membrane data and the 4-6 fold reduced binding affinity observed
in cells compared to membranes may be due to membrane permeability and
reduced intracellular concentration of the probes in a whole cell receptor
context. Membrane permeability of the generated fluorescent probes is a key
consideration, given the intracellular nature of the modulator binding site,
since this allows the use of in cell target engagement binding assays, with the
receptors in a native context, in addition to cell free membrane assays. The
presented cell-permeable probes could therefore have a potential utility in
future cell-based assays, as well as probes for CXCR2 expression and
localization in native cells (e.g. neutrophils). Overall, the development of
fluorescent probes and associated NanoBRET binding assays outlined in this
study represents one of the first demonstrations of the applicability of this
approach to GPCR intracellular allosteric modulator binding sites, together
with very recent reports describing fluorescent CCR9 NAMs?>8, CCR2
NAMS?*¥ and G protein peptidomimetic probes for G; GPCRs that target a

similar intracellular binding site.?%
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5.5 Fluorescent probes application

5.5.1 CXCR2 NanoBRET competition binding assays to

assess unlabelled ligand affinities

Having shown that the fluorescent ligands 62a, c-f bind CXCR2, they were
used as tools to directly measure the affinity of unlabeled NAMs acting at the
intracellular binding site of CXCR2 (structures shown in Figures 1.7, 1.8,

1.11 and Table 2.1).

To perform NanoBRET competition binding experiments in membranes from
HEK293 CXCR2-NanoLuc cells, 62a was chosen to be employed as the
probe to measure the affinity of a variety of competing unlabelled CXCR2
NAMs, including both known literature compounds and previously presented
protected congeners (Figure 5.7).41:58141L166,182314 [Jplabeled NAMs fully
displaced the fluorescent ligand in a competitive manner, enabling the
calculation of pK; values (see Table 5.4) through application of Cheng-
Prusoff correction. The values generated were in good agreement with
previously reported CXCR2 affinity measurements for literature

41,58,141,166,182,314
b

compounds as well as the NanoBiT assay potencies

established for R-navarixin (2) and its protected congeners in Table 5.1.
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Figure 5.7: NanoBRET competition binding studies CXCR2 allosteric
modulators in CXCR2 membranes. Membranes were incubated with 100 nM
62a and increasing concentrations of unlabeled ligands for 3-hours at 37°C.
The data shown represent the combined mean £ SEM of n = 5 experiments

where each experiment was performed in duplicate.
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Table 5.4 Measured binding affinities of CXCR2 NAMs using the 62a

NanoBRET assay and literature values

41,58,166,182,314

Compound pKi + SEM* Literature pKp
R-Navarixin (2) 9.19+0.17 10.341,166
49a 8.16+0.16 -
49b 8.87 £0.06 -
6la 7.62 +0.05 -
6lc 7.97 +0.04 -
SB265610 (3) 8.68 £0.21 8.5%8
8 8.48 £0.06 -
Danirixin (7) 871 £0.12 g 0314
11 8.06 +0.08 -
AZDS5069 (20) 9.61 £0.33 9.4182
AZ10397767 (21) 8.32+£0.12 8.7182%
S-Navarixin (24) 8.31 £0.28 R

*All values represent mean £ SEM of n=5 separate experiments. ** indicates

pAx parameters derived from functional data

Furthermore, we performed NanoBRET competition binding experiments in

membranes derived from a HEK293 CXCR1-NanoLuc cell line, employing
62d as fluorescent probe and two competing CXCR1/2 NAMs, R- and S-
navarixin (2 and 24). Membranes were incubated with 100 nM 62d and

increasing concentrations of unlabelled ligands for 1-hour at 37°C.
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Figure 5.8: NanoBRET competition binding studies CXCRI allosteric
modulators in CXCR1 membranes. Membranes were incubated with 100 nM
62d and increasing concentrations of unlabelled ligands for 1 hour at 37°C.
The data shown represent the combined mean £ SEM of n = 3 experiments
where each experiment was performed in duplicates. The error bars observed
appear increased compared to those observed in CXCR?2 assays as the BRET
ratio window is smaller in CXCR1 compared to CXCR2.

Similarly to what was observed in the CXCR2 competition binding studies,
the NAMs displayed full displacement of the fluorescent probe 62d in a
competitive manner at CXCR1 (Figure 5.8). It was therefore possible to
calculate pK; values through application of the Cheng-Prusoff correction, as
previously described, for R-navarixin (2) (pKi=7.66 £ 0.15) and S-navarixin
(24) (pKi= 5.59 £ 0.18). Our data corroborate previous literature findings,
indicating both enantiomers display reduced affinity for CXCR1.!1%  They
demonstrate the capabilities of our allosteric site fluorescent probe
NanoBRET assay for direct assessment of binding affinity for novel CXCR1
and CXCR2 NAMs in future.
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5.5.2 Kinetic studies

The characterised fluorescent probes can be employed not only to directly
measure binding affinity of CXCR2 NAMs, but also to study the binding
kinetics of the NAMs. Previous studies reported R-navarixin (2) to possess a
slow dissociation rate from the receptor (ti2 ~22h)*1*°) a crucial
characteristic which may have a strong influence on the potency of the
molecule itself. Ultimately, the difference in affinity between the different
CXCR2 NAMs may be explained in terms of different kinetics of receptor

binding and different dissociation rates from the receptor.

According to the law of mass action (D + R = DR), the rates of association
(kon) and dissociation (kofr) are governed by the concentrations of the
participants. Kofr describes the rate of drug-target dissociation, is independent
from the local drug concentration and it is expressed in time (e.g. min'!). It is
a first order or unimolecular rate constant, and can be viewed as the
proportion of drug that dissociates from the receptor complex in unit time.?!
Kon is a second order or bimolecular rate constant (e.g M min!), describing
the rate at which the drug and the receptor (two molecules) associate.>!
However in a binding assay, the observed rate of drug association to
equilibrium binding is defined as kovs and is dependent on drug concentration,
kon and kot . For single site binding Kobs = Kon.[ligand] + kosr. It is resulting
from both dissociation and association rates, and it is highly dependent on
drug concentration as a higher concentration of ligand results in a faster
Kon(obs). Therefore, kon is equal to (kobs — Kofr)/[ligand] and it is expressed in M-
! min!.»! In considering molecular interactions between drugs and their
target binding sites, kon may more sensitive to electrostatic interactions while
kotr is influenced more by hydrogen bonds, salt bridges and Van der Waals
interactions.3!3316 Extracellular water molecules could also influence the
binding kinetics interrupting ligand-receptor hydrogen bonding. Therefore,

hydrogen bonds that are shielded from the extracellular water molecules may

be responsible for slow dissociation rates, forming more kinetically stable

317 251,318 In

contacts’'’ which increase the stability of the drug-receptor complex.

addition, the dissociation and association rates are thought to be influenced
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by the physicochemical properties of the binding ligand such as lipophilicity
(logP), molecular weight and rotational bonds.?*!3!” For example, lipophilic
drugs possessing several non-polar substituents, should easily displace water
on entry to the binding pocket and this may explain an increased on-rate with
the receptor.?>!*2 High molecular weight ligands, on the other hand, may
result in reduced rates of receptor association, depending on the specific
target, due to limited access to the binding pocket, if the passage to access it

is narrow.?>1:315

The equilibrium dissociation constant (Kp) is a crucial pharmacological
parameter which describes the drug concentration required to occupy 50% of
the target receptor at equilibrium, or, if derived from saturation binding
assays, as the concentration of ligand producing 50% of the maximal specific

251 'When measured in a closed system, Kp is an equilibrium

binding.
parameter derived from the two kinetics parameters, association rate constant
(kon) and dissociation rate constant (ko). At equilibrium kon [DR] = kot [D]

[R] and Kp is defined as a ratio of these rate constants (Kp = Koft/kon).2>!2?!

The binding kinetic constants (korr and kon) have been recognized as key
indicators of drug properties such as drug onset and duration of action®?2, drug
efficacy and side effect profiles.3?3324 Most focus on the impact of binding
kinetics on drug discovery has concentrated on the influence of the
dissociation rate constant (kofr), often referred to as its inverse residence time
(=1/Kof).32>326 Initially the benefits of slow kofr ligands have been considered
in terms of prolonging target occupancy to extend the duration of

pharmacological effect.’?

Ligands with slower dissociation kinetics show an increase in potency over
time which can be attributed to an increase in receptor occupancy over time*?’
and increased receptor activation which promotes prolonged signalling?%32°,
The prolonged residence time is thought to be linked to an increased duration
of action in in vivo studies.®** A slow kofr can increase duration of action or
change the observed mode of action.*® The extent to which this occurs in vivo
depends on the balance between kofr at the target, and the pharmacokinetic

rate of elimination of the drug (ker). For the kofr to be the determinant of the
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duration of target occupancy, its value should be higher than ke, if, on the
contrary, Kofr << kel the target becomes closer to get saturated and the ko
value is not the determinant.’?® As an example, the long duration of action of
tiotropium, muscarinic receptor antagonist employed for respiratory diseases
such as COPD, is the result of its long receptor residency time. Interestingly,
it was found that in physiological conditions the dissociation half-life was
shorter compared to nonphysiological conditions, therefore the duration of
action was not solely the result of the slow dissociation of the receptor.>*°
Secondly, kinetic properties of compounds may influence their selectivity for
different targets and ligands with similar receptor affinities but different
dissociation rates from the receptor, can result in markedly different target
engagement, due to prolonged receptor occupancy>?’, leading to an improved
safety profile resulting from the avoidance of off target effect. An example of
kinetics influencing selectivity has been reported for the muscarinic receptor
M3 antagonist for which lower M2 receptor blockage, resulting from different
Kotr from the receptor, resulted in avoidance of cardiovascular side effect.®3!
Kot differences are also capable of altering pharmacological behaviour of the
ligands in a manner which may be beneficial for the desired therapeutic
response, in systems which are not at equilibrium. Insurmountable inhibition
can be advantageous for an effective antagonist profile, particularly in context
where the concentration of stimulating messenger is high, for example in
tumour microenvironments, in neuronal synapses or during inflammation
flare ups.?3%333 Under these conditions, slow dissociation rates can contribute
to insurmountable inhibition (reduction in maximal response even in the
presence of high concentrations of agonist or substrate) of the receptor at early
timepoints*** that is resistant to wvariations in stimulating agonist
concentrations.?! This behaviour can improve the clinical effect of the
antagonist during acute inflammation.>! For agonists, Ko also determines the
time to equilibrium, and differences in agonist kinetics can also dictate
distinct time dependent signalling profiles across different assays, and be a
factor in considering biased pathway dependent signalling of receptor

agonists.>?’
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The additional importance of ko, for pharmacology has only recently become
apparent. When the target is within a region of restricted diffusion (for
example a neurotransmitter synapse), the drug molecules may re-associate
with nearby receptors.’® This process, known as rebinding, is promoted by
more rapid association rates. This causes the elevation of local effective drug
concentration within the restricted reservoir, providing a mechanism to
prolong target occupancy and improve apparent potency. This relationship
has recently been proposed between the association rates of D2 targeting
antipsychotics, and the risk of extrapyramidal side effects elicited via D2

containing synapses in the nigrostriatal pathway.3%333

Kinetic parameters of different CXCR2 NAMs, in addition to the allosteric
mode of action, may therefore have an effect on their functional effects at the
receptor. For this reason, it was decided to employ the generated fluorescent
ligands and establish a competition association binding assay methodology
250336 to determine the binding kinetic properties of different CXCR2 NAMs

present in the literature.

In the Motulsky-Mahan approach, the receptor preparation is mixed with the
fluorescent probe at a single concentration, and a range of concentrations of
unlabelled ligand acting as competitor. The profiles of the association kinetic
curves are dependent on the relative kinetics of the tracer and unlabelled
ligand. For example, a peak-plateau behaviour is observed for unlabelled
ligands with slower kinetics than the tracer, because in this case the tracer
binds first, and then re-equilibrates with unlabelled ligand binding at later
timepoints. These sets of curves can be fitted globally to a model of
competitive binding to provide kon / Kofr estimates for the unlabelled ligand,
as well as the probe. The homogenous BRET format we established is highly
advantageous for these kinetic studies since high resolution kinetic data can
be obtained over time from a single assay well. Moreover, a condition of the
competitive-association model is that the probe and unlabelled ligand
compete for the same binding site, therefore the generation of fluorescent
probes for the CXCR2 allosteric binding site was essential for its application

to the unlabelled NAM series.
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Compound 62e was selected as more optimal fluorescent probe to use for
kinetics studies as it possesses a moderate-high affinity for the receptor, but
lower compared to the N-methyl fluorescent ligands (Table 5.2), together
with a fast off rate (0.022 + 0.002 min™!) (Figure 5.10). The use of a fast off,
lower affinity probe retaining suitable selectivity extends the dynamic range
of unlabelled ligand kinetic parameters that can be estimated using the
methodology®, and in this instance was preferable to the N-methyl
derivatives. Association kinetic curves for the fluorescent ligand were
generated on the same day as the competition association binding assays were
performed and the ko and kon of the fluorescent probe estimated in this
manner were used as constants in the Motulsky-Mahan fitting to obtain
unlabelled ligand kinetics form the experiment. This helped control for
experiment to experiment variation influencing the parameters, for example

small changes in temperature.

Further optimisation for the analysis of the binding kinetics of unlabelled
CXCR2 NAMs focused on the choice of assay buffer. The optimization was
performed employing R-navarixin (2) as the unlabelled ligand competing
with the chosen fluorescent probe 62e. Initially, the assay was performed in
the same conditions used for the competition binding studies shown
previously in this chapter, which did not include Na" in the assay buffer
(Figure 5.9 A). Employing these conditions, we were unable to obtain kinetics
data for the unlabelled ligand as the kon and kot values were unstable since
the data did not fit the model adequately (Figure 5.9 A). Potentially this may
reflect a mixed population of receptor conformations within the assay. It was
therefore decided to add Na* into the buffer (chapter 8.2), to concentrations
equivalent to the extracellular concentration. For many GPCRs, the addition
of Na* shifts the conformational equilibrium towards the inactive state.3*-338
It might be predicted that this is the conformation with higher affinity for
negative allosteric modulators such as R-navarixin (2)*. This change alone
was not sufficient to allow the measurement of kon and kofr for the unlabelled
compound tested since the data still did not adequately fit the model, resulting
in unstable kinetics parameters generation (Figure 5.9 B). Subsequently,

Gpp(NH)p, a non-hydrolysable GTP analogue, was added to the Na* buffer,
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to ensure that the G-protein is uncoupled (and remains uncoupled)from the

receptor327’339‘341

. In combination with high sodium concentrations, this also
reduces the availability of high affinity active complex stabilized by Gafy
binding. Gpp(NH)p forces the G-protein to remain dissociated as Go-
Gpp(NH)p and Gy subunits, therefore not free to bind the receptor
allosterically as the heterotrimer.’3*34° Association Kkinetics were also
followed for an increased timecourse of 120 min. Overall, the addition of
Gpp(NH)p to the high sodium buffer generated high quality association
kinetics tracers and allowed accurate fitting and measurement of kon and kosr
and kinetically derived pKp for the unlabelled compounds (Figure 5.9 C). It
was therefore decided to use a 136 mM Na* buffer with the addition of 100
uM of Gpp(NH)p in the future competition binding assays performed to study

binding kinetics of the unlabelled CXCR2 NAMs.
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Figure 5.9: Optimisation of the assay buffer for competition kinetics of 62e
in the presence of increasing concentrations of unlabelled R-navarixin (2). A)
No Na" buffer; B) Na* buffer; C) Na"+ 100 uM of Gpp(NH)p. Data shown
are representative experiments (of 5 performed) fitted to a global model of

competition association kinetics for single site binding.
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Figure 5.10: Association binding kinetics of 62e at CXCR2-NanoLuc
membranes. A) No Na' buffer; B) Na* buffer; C) Na® + 100 uM  of
Gpp(NH)p. Membranes were incubated with increasing concentration of
fluorescent ligand and 10 uM of R-navarixin (2) to determine NSB. Dual
emission wavelengths were monitored for 60 min and binding was
represented by the BRET ratio. Data points show the specific binding (total -
NSB) for a representative experiment fitted to a global model of association
kinetics for single site binding. D) Plot of [62e] concentration (as displayed
in 5.10B) against kobs showing binding following a simple law of mass action
model with ko increasing with concentration. The non-linear trend displayed

suggests a multi-site binding relationship.

Graph 5.10 B did not adequately fit the model suggesting multi-site binding.
This was then confirmed by the plotting of kobs against ligand concentration,
displaying a non-linear relationship. This observation is likely due to the
presence of native G-protein proteins driving conformational change of a
small population of receptors within the system into a high-affinity state

which is in contrast to the negative modulation (towards the inactive

125



conformation) promoted by the inclusion of sodium. This hypothesis is
further strengthened upon the inclusion of Gpp(NH)p which results in a much

more reliable fit with the one-site binding model.

Fluorescent compound 62e was employed to probe binding kinetics of some
of the previously presented CXCR2 NAMs present in the literature. Through
competition binding NanoBRET assays performed in CXCR2-NanoLuc
membranes it was possible to obtain a clearer picture of the kinetic profiles
of the unlabelled NAMs, with a particular interest to the compounds which

were reported to have a very slow dissociation rate from the receptor.!:13%182
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Figure 5.11: Competition kinetics curves of 100 nM 62e at CXCR2-NanoLuc
membranes in the presence of increasing concentrations of unlabelled NAMs.
A) R-navarixin (2); B) S-navarixin (24); C) SB265610 (3); D) AZD5069 (20);
E) Danirixin (7); F) AZ10397767 (21). The fluorescent tracer binding was
recorded kinetically over 120 min or 60 min. Buffer containing Na*+ 100 uM
of Gpp(NH)p. Data are representative experiments from n = 5 individual

experiments performed in duplicates.
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Table 5.5 Kinetic binding parameters of the fluorescent probe 62e and of
unlabelled CXCR2 NAMs from global association fits and the Motulsky-

Mahan model of competitive binding.

Labelled Kon (M 'min?!) =+ | Kor (min!) + | Kinetic pKp

ligand SEM SEM + SEM
62e 1.9+0.2x 10° 0.022 +0.002 1.67 £0.04
Unlabelled
ligands
R-navarixin (2) | 0.48 £0.14x 10® | 0.0039 + 0.0007 10.1 £0.13
S-navarixin 55+3.8 x108 1.7+0.7 8.22 +0.13
(24)
SB265610 (3) 52+1.5x 108 0.55+0.1 8.94+0.04
AZD5069 (20) | 0.68+0.18 x 108 | 0.0042 + 0.0006 10.1 £0.16
Danirixin (7) 1.0+0.3x108 0.2 +0.05 8.65+0.07
AZ10397767 1.8+0.5x 10% 0.1+0.02 9.14 £0.11
(21

* Kinetically derived Kp values were derived from a ratio of dissociation
and association rates (Kp = kog/k,,). All values represent mean + SEM of

n=>5 separate experiments. Values were in good agreement with measured

binding affinities reported in table 5.4.

As shown in figure 5.11 A and D, R-navarixin (2) and AZD5069 (20) present
very slow dissociation rates from the receptor, as predicted from previous
studies*">'®?, with kot values of 0.0039 + 0.0007 min™' and 0.0042 + 0.0006
min! respectively (Table 5.5). They both produced a rise-and-fall to steady-
state type of curve®*?, generally observed for unlabelled competitors that
possess slower kot compared to the fluorescent probe.*?! The other NAMs
tested, AZ10397767 (21), danirixin (7) SB265610 (3) and S-navarixin (24) in
order of increasing kofr, showed lower affinities and faster dissociation rates

from the receptor.
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Both allosteric mechanisms and slow off rate (non-equilibrium) effects can
lead to insurmountable antagonist behaviour. The data presented in chapter
2.2 showed that, from functional assays, S-navarixin (24) and R-navarixin (2)
exhibit a surmountable antagonist and non-surmountable antagonist profile
respectively, despite both binding the same allosteric site. The kinetics data
presented (Table 5.5) show that the observation of insurmountability in this
series is driven by a slow Ko, rather than the allosteric mechanism. On the
other hand, rapidly dissociating compounds display surmountable properties
in which high levels of competing agonist can overcome the inhibitory effect
431,330

of the ligan
(Chapter 2.2) for S-navarixin (24).

, in accordance with previous functional studies findings

In a more extended study of the literature NAMs (performed by Dr Desislava
Nesheva, University of Nottingham; Figure 5.12), this correlation was
observed for all the NAMs tested. As an example, AZD5069 (20) was found

to have an insurmountable behaviour, similarly to R-navarixin (2).
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Figure 5.12: Effect of NAMs on CXCR?2 - Barrestin2 interactions measured
with the NanoBiT complementation system (Chapter 2.2). Concentration-
response curves (30-minute time-point) of CXCL825.99 with a range of
concentration of the NAMs A) SB265610 (3); B) danirixin (7);
C)AZ10397767 (21); D) R-navarixin (2); E) S-navarixin (24); F) AZD5069
(20). Cell line was pre-treated (1 hour at 37 °C) with the compounds prior to
furimazine substrate loading and CXCL825.99 stimulation. Graphs represent
pooled data from 5 individual experiments; error bars = S.E.M. Data and

figure generated by Dr Desislava Nesheva (University of Nottingham).

Slow kotf NAMs also show equivalent insurmountability in further functional
assays.!00-166.182 Therefore, a slow kot can be a valuable property for a
potential therapeutic drug. For CXCR2 NAMs optimizing the kosrcould be a
crucial step of an effective allosteric antagonist design that generates
insurmountability and effective inhibition, for example against transiently

high levels of chemokine in inflammatory storms.

Together, this data highlights the binding capabilities of synthesized novel
fluorescent ligands. It presents a diverse toolkit applicable in both highly
selective CXCR2 targeted or CXCRI1 related assays within both membrane
and whole cell systems and demonstrates efficient derivation of unlabelled
ligand binding parameters, including the successful and novel application of

kinetic binding methodology to an intracellular allosteric binding site.
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Chapter 6. Conformational analysis of

methylated and unmethylated ligands

An interesting and recurrent observation in the pharmacological data, shown
in chapter 5, is the enhanced potency of N-methylated ligands over their
unmethylated analogues. This is seen, for example, in the difference in
affinity between fluorescent ligand 62d and 62f compared to 62¢ and 62e
respectively. The original docking studies presented in chapter 3, upon which
the ligand designs were based on, could not predict this finding. In fact, they
suggested that the N,N-dimethylamide portion of R-navarixin (2) was
protruding from the binding pocket and it was not involved in significant
interactions with the receptor. Therefore, to rationalize the pharmacological
data, it was decided to perform some additional studies, with a particular
focus to the N-methylamide portion of the congeners, analyzing some
intermediates made during the synthesis of the fluorescent probes.
Compounds 49a and 49b were initially chosen for the analysis, as they
include a short N-Boc protected ethylenediamine linker, with or without N-
methylation of the amide, more convenient for docking purposes, being not
excessively long and flexible. Moreover, these two analogues showed a
notable difference in potency when tested in the NanoBiT assay previously
described in chapter 5 (49b > 49a). The compounds were docked in CXCR2
crystal structure (PDB:6LFL) humanized with Ala249%3% following the
methodology previously described in chapter 3. The binding poses of both
compounds mimic that for R-navarixin (2) and no significant difference was
shown in the interaction with the receptor or in docking score between the N-
methylated (49b) and the unmethylated (49a) analogues. Since docking
studies did not provide sufficient data which could explain the difference in
potency between the analogues, we decided to focus on their potential
difference in structural conformation. Initial evidence for this arose from the
observation of broadened signals in the 'TH-NMR spectra of the methylated
compounds with respect to the corresponding unmethylated analogues,

suggesting that methylation could affect the conformational preference of the
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ligands. To perform more detailed structural NMR studies, we selected two
previous intermediates in the synthesis, compounds 56a and 56b. These
compounds can be considered as “minimal ligands™ as they retain either a
methylated or unmethylated amide moiety, the phenol moiety and a mixed
squarate moiety, lacking the chiral furanylalkylamino moiety, which is
replaced with an ethoxy group. In addition, the lack of chirality of analogues
56a and 56b facilitated more straightforward acquisition and analysis of 'H-
NMR spectra with a focus on the conformational nature of the benzamide
region. Firstly, "H- NMR spectra for each compound in de-DMSO were fully
assigned using two-dimensional NMR spectroscopy experiments
(Correlation  spectroscopy (COSY), Heteronuclear single-quantum
correlation spectroscopy (HSQC) and Heteronuclear multiple-bond
correlation spectroscopy (HMBC)). In addition, variable temperature NMR
(VT-NMR) experiments in deuterated dimethyl sulfoxide (de-DMSO) on
both compounds were performed to analyse the effect of the temperature on
the chemical shifts (Figure 6.2, 6.3). NMR chemical shifts, in fact, are

343 of molecules and can sometimes

sensitive probes of structure and dynamics
be temperature dependents. Therefore, VT-NMR experiments could be useful
to offer structural insights and to facilitate resolution of overlapping peaks

which may separate due to different temperature dependence.’#’

Hydrogen
bonding protons chemical shift could vary with temperature. As the
temperature rises the amount of hydrogen bonding diminishes*** as higher
temperatures could weaken the hydrogen bonds and could therefore reduce
the electron withdrawing effect of the hydrogen bond acceptor on the proton
resulting in a more shielded proton with a change in chemical shift which

moves upfield.343:345-347

0} O O O
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Figure 6.1: Structures of compounds 56a and 56b.
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Figure 6.2: Variable temperature (VT) 'H- nuclear magnetic resonance
spectroscopy (NMR) experiments of compound 56a in de-DMSO. A) View
of the whole spectra and B) magnification of the aromatic region. Red
spectrum recorded at 25 °C, yellow spectrum at 35 °C, green spectrum at 45

°C, blue spectrum at 55 °C, violet spectrum at 65 °C.
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Figure 6.3: Variable temperature (VT) 'H-NMR experiments of compound
56b in ds-DMSO. A) View of the whole spectra and B) magnification of the
aromatic region. Red spectrum recorded at 25 °C, yellow spectrum at 35 °C,

green spectrum at 45 °C, blue spectrum at 55 °C, violet spectrum at 65 °C.
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'"H-NMR spectra for compounds 56a and 56b were acquired at variable
temperature, starting from room temperature (25 °C) and rising the
temperature of 10 °C each time up to 65 °C. Temperatures higher than 65 °C
were evaluated but the spectra of both compounds did not change above this
temperature. Therefore, it was decided to report data up to 65 °C. As seen in
Figure 6.1 and 6.2, the only proton that varies its chemical shift with
temperature is the NH-Boc proton. In both compounds the chemical shift of
this carbamate proton moves upfield and becomes broader. For compound
56a its signal changes from a triplet at 6.95 ppm at 25 °C to a broad singlet at
6.70 ppm at 65 °C (Figure 6.2). Similarly, for compound 56b, the amide
proton signal moves from overlapping with aromatic proton-5 at 6.87 ppm at
room temperature to a broad singlet at 6.62 ppm at 65 °C (Figure 6.3).
Interestingly, for both compounds, the signals of the aromatic protons 4 and
6 (7.38 and 7.70 ppm respectively for compound 56a and 7.19 and 7.02 ppm
respectively for compound 56b) resolve at higher temperature from a doublet
to a doublet of doublets (Figure 6.2 and 6.3). Notably, also the water peak
moves upfield as the temperature increase (3.35 ppm at room temperature).
From VT-NMR experiments it was not possible to obtain information about
the structure of the molecules. Subsequently, to obtain structural information,
we employed Rotating-frame nuclear Overhauser effect spectroscopy
(ROESY), as suggested by the NMR specialist in the university department
who provided precious advice in performing the experiments and in the
analysis of the spectra. This NMR technique, used to establish through-space

348,349 allowed to

correlation between nuclei physically near to each other
visualize the interactions of the protons in the molecule that are close in space

rather than through chemical bonds.
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Figure 6.4: A) Full 'H-'H Rotating-frame nuclear Overhauser effect
spectroscopy (ROESY) NMR experiment for compound 56a in ds-DMSO at

25 °C and B) magnification of the phenol interactions. The relevant 'H proton
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experiments are displayed on the x- and y-axes. ROE cross peaks
(representing through-space interactions) are shown in blue and exchange

cross peaks are shown in red.
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Figure 6.5: A) Full '"H-'H ROESY NMR experiment for compound 56b in
ds-DMSO at 25 °C and B) magnification of the phenol interactions. The
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relevant 'H proton experiments are displayed on the x- and y-axes. ROE cross
peaks (representing through-space interactions) are shown in blue and

exchange cross peaks are shown in red.

Overall, the through-space interactions formed were similar for both
methylated and unmethylated analogues. Figures 6.4 and 6.5 show through-
space interactions (blue dots) between the aromatic protons, the aromatic
protons and the benzylic amide proton or the N-methyl protons, the amide
protons (both NH-Boc and benzylic amide NH) and both the adjacent
ethylene CH> protons, the squaramide proton and the ethyl ester protons.
Moreover, the Boc group was spatially interacting with the ethylenediamine
linker protons and weakly interacting with the aromatic protons, probably
transiently. Interestingly, compounds S6a and 56b differ particularly in their
phenolic OH signal. Notably, the phenolic OH peak is shifted downfield in
the unmethylated compound 56a with respect to the N-methylated analogue
56b (13.5 ppm and 9.4 ppm respectively). Moreover, for the phenolic OH of
compound 56a, several through-space interactions with other protons of the
molecule, such as the benzamide NH and adjacent CH» protons of the
ethylene region and the aromatic protons, were detected (Figure 6.4.B).
Conversely, no through-space interactions were detected for the phenolic OH
in the N-methylated compound 56b. These data suggest that the N-methyl
group could introduce a conformational restriction in compound 56b and
consequently in the other N N-dialkylamide analogues, preventing
intramolecular hydrogen bonding between the phenol and benzamide
moieties. On the other hand, the absence of the N-methyl group allows the
above intramolecular hydrogen bond to form, making phenol less available
for receptor interaction. Furthermore, the need to disrupt the intramolecular
hydrogen bond would confer an energetic penalty. This could explain the
difference in potency between unmethylated and methylated analogues, as

2

previous studies'®? suggest the interaction between the phenol and the

receptor is crucial. Additionally, the rotational restriction present in the N-
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methylated analogue S6b, could promote a conformation of the molecule that

favours receptor binding.

Alongside the NMR experiments, molecular dynamics simulations of S6a and

56b in DMSO were performed by Professor Charles Laughton.
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Figure 6.6: Conformational analysis of molecular dynamics simulations of
56a and 56b in DMSO. Panels a) and b): torsion angle distributions for the
highlighted bond in 56a and 56b respectively. Panels c¢) and d): time courses
for the selected torsion angle. In 56a the angle rapidly and repeatedly passes
through the planar (180 degrees) conformation, while for 56b it is restricted
(atropisomerism, at least on this timescale). Panels e) and f): time courses for
the distance between the carbonyl oxygen and phenolic hydrogen atoms in
56a and 56b respectively). In 56a a strong H-bond is maintained, whilst in
56b it is present or absent depending on whether the high or low twist
conformation of the torsion angle is adopted. Image generated and analysed

by Professor Charles Laughton.
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These predict that the key amide bond maintains a strict trans-geometry in
both molecules, but that the neighboring bond connecting to the phenolic ring
(torsion angle highlighted in Figure 6.6) behaves very differently in S6b
compared to 56a. In the unmethylated compound 56a, we observe the torsion
angle distribution (Figure 6.6.a) shows a bifurcated maximum ~20 degrees
either side of 180 degrees, with a low barrier between the two states that is
crossed rapidly and repeatedly over the 10ns simulation (Figure 6.6.c).
Throughout this time a hydrogen bond between the amide oxygen and
phenolic OH is highly conserved (Figure 6.6.¢). In contrast, for the
methylated compound 56b, we observe the torsion angle distribution (Figure
6.6.b) shows a bimodal distribution with maxima at 80 degrees and 120
degrees. Transitions between the two states are rapid and frequent (Figure
6.6.d) and correlate with the formation (120 degrees) and breakage (80
degrees) of the hydrogen bond with the phenolic OH (Figure 6.6.f). There is
a symmetry-related conformation when the torsion angle lies in the -80 to -
120 range. This can be generated by the application of torsion angle restraints
to the simulation to drive it through the planar state, but the increased steric
hinderance provided by the N-methyl group means that, in contrast to 56a,

we observe no spontaneous transitions, at least on the 10 ns timescale (results

not shown).
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Figure 6.7: Possible intramolecular hydrogen bonding pattern for compound

56a.
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Figure 6.8: Possible intramolecular hydrogen bonding pattern for compound

56b. Notably, in 6.8.B no intramolecular hydrogen bonds are shown.

The simulations thus are in full agreement with the NMR analysis, supporting
the hypothesis that a considerable portion of the enhanced activity of N-
methylated analogues could come from the effects that this modification has
on the structure of the free ligand. Methylation favors a less planar
conformation and a weaker intramolecular hydrogen bond, both of which
would be expected to contribute to a more favorable binding free energy,

ultimately resulting in the increased potency of the N-methylated analogues.
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Chapter 7. General conclusions and

future work

CXCR?2 is amember of G protein-coupled receptor family and a key mediator
of inflammation. It regulates neutrophil chemotaxis, integrin expression and
activation, cell motility, polarization, respiratory burst, phagocytosis,
proliferation, apoptosis, calcium mobilization and angiogenesis.®** Playing a
critical role in the regulation of neutrophil homeostasis and release from the

8,49,50

bone marrow , CXCR2 is involved in a variety of diseases with

842 including pulmonary diseases’, such as COPD,

inflammatory components
asthma and cystic fibrosis.®® Moreover, CXCR2 plays a crucial role in tumour
growth.’>3 TIts effect on migration, invasion and angiogenesis implicates

CXCR2 with the progression of several cancers such as of lung cancer!!-112,

115-117 121,122

breast cancer , pancreatic cancer!%®, ovarian cancer , prostate
cancer'!'* and melanoma.!'%!3 Subsequently, CXCR2 inhibition may have
important potential therapeutic applications, due to the involvement of this
receptor in the pathologic conditions presented in Chapter 1. For this reason,
there has been an extensive search for selective CXCR2 antagonists.>3134-136
The interaction between the native chemokine ligand and CXCR2 is
complex* and it consists in a two-step process®, elucidated by Liu et al.
through the release of two cryo-electron microscopy structures.*> The binding
at the orthosteric binding site is therefore highly complex and difficult to
mimic with a small molecule interventions, however, an alternative
intracellular allosteric binding site, located near the C-terminus of the
receptor, has been discovered. Exploitation of this intracellular site has been
hypothesized to provide greater therapeutic selectivity, bypassing the
complexity of the orthosteric site. Therefore, different classes of negative
allosteric modulators, acting at this intracellular site, have been develop to
block CXCR?2 signalling.!3” The different classes of NAMs, including urea-
based compounds!**10, 3 4-diamino-cyclobutenediones compounds'¢!-162
and pyrimidine-based compounds'8!:!82 have been presented in Chapter 1.

Some promising compounds reached clinical trials for the treatment of
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COPD, asthma and some types of cancer.'*’” Unfortunately, the clinical
evaluation of some compounds have been stopped for undisclosed reasons,

presumably involving the reported reduction in neutrophil counts.!37:1¢9

The mechanism of action of CXCR2 NAMSs has been elucidated by Liu et al.
through the release of the X-ray crystal structure of CXCR2 bound to the
NAM 00767013 (5) (PDB ID: 6LFL).*> The NAMs sterically interfere with
the binding of the G-protein to the receptor, since their binding sites are
overlapping, and restrict the conformational changes required for receptor
activation.** R-navarixin (2)'%® is a particularly interesting compound
belonging to the 3,4-diamino-3-cyclobutene-1,2-dione-based series of
CXCR2 NAMs. It possesses excellent potency at CXCR2, which is believed
to be related to its binding kinetic profile, since it has been reported to have a
slow dissociation rate from the receptor.*!!*° In order to directly explore these
binding relationships, a molecular tool able to bind at the intracellular
allosteric binding site of CXCR2 was needed to be able to directly determine
the binding affinity and to study the binding kinetics of the NAMs acting at
this binding site. High affinity fluorescent ligands are ideal for this purpose,
having diverse functionality in several GPCR binding techniques such as
BRET!%8-203 and can therefore be used in real time, homogenous, analysis of

ligand binding.

The work presented in this thesis has focused on the design, synthesis,
pharmacological characterisation and application of a novel series of
fluorescent ligands targeting the intracellular allosteric binding site of

CXCR2.

The aim of this thesis was the design of CXCR2 fluorescent ligands. It was
therefore essential to identify a congener for the series, which would then be
modified with linker and fluorophore attachment. Chapter 2 reports the
synthesis and pharmacological activity evaluation of small molecules
belonging to the 3,4-diaminocyclobutenediones class of CXCR2 NAMs. The
purpose of these initial studies was to confirm the reported potency of a series
of literature compounds at CXCR?2 to find a suitable potent congener for the

library of fluorescent ligands. The synthesis of R-navarixin (2), compound 8,
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compound 11 and S-navarixin (24) was performed following the procedure
reported by Dwyer et al. 1% (Scheme 2.1). The activities of the synthesised
compounds were evaluated in a NanoBiT Luciferase complementation
assay’* (Figure 2.3) that allowed measurements of the effects of the NAMs
on agonist-induced (CXCL8) CXCR?2 recruitment of effector proteins (mini
Ga, protein?*-246 or B-arrestin2) to CXCR2. The data reported in Figures 2.4
and 2.5, showed that the treatment with the NAMSs inhibited CXCLS8
stimulated recruitment of effector proteins, with a similar response in both
cell lines. Moreover, the NAMs produced a rightwards shift of the CXCLS8
concentration response curve and a decrease in the maximal response. These
data were consistent with a non-competitive mode of action of the
compounds. An interesting observation presented in Chapter 2 is the
difference between the two navarixin enantiomers. R-navarixin (2),
possessing subnanomolar potency, was found to be the most potent
compound tested, producing pronounced insurmountable antagonism at
CXCR2 (Figure 2.4 A,B). In comparison, S-navarixin (24) required 100 times
the concentration of the R enantiomer (2) to exert a similar effect and it
presented a more surmountable profile (Figure 2.4 C,D). The findings

reported were in accordance with previous literature reports*!-13%-166

and they
confirmed the importance of the R stereochemistry for high affinity
antagonism. The difference between navarixin enantiomers, both targeting
the same binding site, could derive from the different binding kinetics of two
compounds. As suggested from previous studies*"»'*°, R-navarixin (2) slow
dissociation rate (korr) from the receptor could have an effect on the high
affinity and non-surmountable behaviour of the compound. The use of
fluorescent probes allows investigation of the kinetics of CXCR2 NAMs in
more depth and to directly measure the kot of the compounds.
Among the compounds tested in Chapter 2, R-navarixin (2) possessed suitable

high potency to be an ideal choice of congener for the library of fluorescent

ligands.

The structure of the chosen congener, R-navarixin (2), needed to be evaluated
in order to identify a suitable point for linker and fluorophore attachment.

Moreover, it was crucial to have a visualisation of the binding pose of
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compound 2 to understand which functional groups present on the compound
are actively involved in receptor binding, and therefore essential for activity
and which can be modified without a loss in binding affinity. The
computational studies performed are presented in Chapter 3. The initial
absence of a crystal structure of CXCR2 made it necessary to build an
homology model?>>2%6 of the receptor, based on available crystal structures of
homologous proteins. The homology models generated were then evaluated
(Chapter 3.2.1) and used for molecular docking (Chapter 3.2.2). This process
led to the identification of a suitable model to evaluate R-navarixin (2)
binding (model based on CCR9, PDB: 5LWE)!*? which contributed
profoundly to the initial design of the fluorescent ligand series. The N,N-
dimethyl-amide part of 2 was found to protrude from the binding pocket, not
establishing crucial interactions with CXCR2 and could therefore be modified
and elongated with liker attachment. The X-ray crystal structure of CXCR2
with a NAM (00767013, 5) bound (PDB: 6LFL) was published in 2020 by
Liu et al*, allowing the comparison with the generated homology model. The
overlay of this CXCR2 crystal structure and the homology model with their
respective ligands bound (00767013, 5 and R-navarixin, 2 respectively)
(Figure 3.8) revealed a nice overlap between the two receptor structures and
a similar binding pose of the two ligands. Additional docking studies of R-
navarixin (2) in 6LFL (Chapter 3.3) and humanised 6LFL (with residue
249533 mutated back to Ala, Chapter 3.4) confirmed the N, N-dimethyl-amide
part of 2 an appropriate point for linker attachment. In Chapter 3.5, modified
versions of R-navarixin (2) were docked into the receptor and their binding
poses (Figure 3.18) corroborated the previous finding that the addition of
linker and fluorophore to this side of the congener should not interfere with

receptor binding.

The findings presented in Chapter 2 and 3 allowed the design of a library of
fluorescent ligands, the synthesis of which is presented in Chapter 4 of this
thesis. The N,N-dimethyl-amide side was initially elongated with the
incorporation of two short spacers (N-(2-aminoethyl)amide or N-methyl-/N-
(2-aminoethyl)amide linker), acting as handles for subsequent linker

couplings (Scheme 4.3). This also allowed assessment of the importance of
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the N,N-dialkylamide moiety present on R-navarixin (2), through the
comparison between the two series (N-methylated and non-methylated).
Subsequent reaction, either directly with a suitable N-reactive fluorescent dye
or further elongation of the linker through incorporation of a glycyl or B-
alanyl moiety and then reaction with the fluorescent dye (Schemes 4.5 and

4.6), allowed the generation of the library of fluorescent ligands (62a, c-f).

Chapter 5 reports the evaluation of the activity of protected congeners (49a-
b, 61a, 61c¢) in the NanoBiT complementation assay (described in Chapter
2.2) in order to determine any functional effect resulting from linker addition.
The activity of the modified analogues appeared retained in the functional
NanoBiT assay, although reduced compared to the parent compound 2. This
confirmed that the linker addition to R-navarixin (2) via the amide moiety
identified in the docking studies, is tolerated. Chapter 5.3 reports the
evaluation of the binding affinities of the fluorescent probes 62a, 62¢c-f at
CXCR?2 through a NanoBRET binding assay (Figure 5.2) performed both in
membranes and whole cells. All the ligands showed saturable binding and
low NSB (with the exception of 62¢ in whole cells) at CXCR2, from which
affinities (Kp) could be determined. (Figure 5.3, Table 5.2). Interestingly, the
N-methylated fluorescent ligands 62d-f possessed the highest affinity in both
whole cell system and cell free (membrane) environment. In addition, cell
accessibility of the probes was confirmed by direct fluorescent imaging of the
CXCR2 cell line, co-labelled with the SNAP-tag receptor fluorophore
SNAPIlabel-AF-488 to identify the SNAP-CXCR2 protein, and 62a (Figure
5.5). These data demonstrate the applicability of these novel fluorescent

ligands in both membrane and cell based CXCR2 binding assays.

Selectivity of the probes for the related receptor CXCR1 was also assessed
(Chapter 5.4). Saturable CXCR1 binding was observed for the N-methyl
fluorescent probes 62d and 62f, with reductions in affinity at CXCRI
compared to CXCR2, while compounds 62a, 62¢ and 62e showed no CXCR1
specific binding (Figure 5.6, Table 5.3). Overall, the selectivity for CXCR2
over CXCRI is retained, however 62d and 62f possess sufficient affinity to
be used in a CXCR1 NanoBRET competition binding assay. Chapter 5.5
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presents the application of compound 62a in NanoBRET competition binding
experiments in CXCR2 membranes to measure the affinity of a variety of
competing, unlabelled, CXCR2 NAMs, including literature compounds.
Unlabeled NAMs were shown to fully displace fluorescent ligand 62a in a
competitive manner (Figure 5.7). This enabled the calculation of pK; values
(Table 5.4) through application of Cheng-Prusoff correction, and the values
generated were in good agreement with previously reported CXCR2 affinity
measurements for the tested literature compounds.#!-38141.166,182.314 Noreover,
NanoBRET competition binding experiments in CXCR1 membranes were
performed, employing compound 62d and, similarly to CXCR2, the NAMs
tested displayed full displacement of the fluorescent probe in a competitive
manner, again allowing calculation of pK; values for the unlabelled ligands.
Finally, the characterised fluorescent probes were employed to study the
binding kinetics of the NAMs acting at the intracellular site of CXCR2, to
assess if their kinetic parameters have an effect of their functional effect
(Chapter 5.5.2). Compound 62e was employed to probe binding kinetics of
some CXCR2 NAMSs present in the literature. Through competition binding
NanoBRET assays performed in CXCR2 membranes it was possible to obtain
the kinetic parameters of the unlabelled NAMs (Figure 5.12, Table 5.5). In
particular, it was possible to confirm the reported very slow dissociation rate
from the receptor of R-navarixin (2)*:13%182 which is conferring its
insurmountable profile in functional studies. On the other hand, rapidly
dissociating compounds, such as S-navarixin (24), displayed surmountable

properties, confirming previous findings.

A recurrent observation in the pharmacological data presented in Chapter 5,
was the enhanced potency of N-methylated ligands over their unmethylated
congeners. Chapter 6 reports the structural NMR studies performed to
rationalise the pharmacological data. From the NMR analysis of compounds
56a and 56b arise the hypothesis that the enhanced activity of N-methylated
analogues could come from the effects that this modification has on the
structure of the ligand. Methylation favors a less planar conformation that
could favour receptor binding and a weaker intramolecular hydrogen bond,

ultimately resulting in increased potency of the N-methylated analogues.
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Furthermore, molecular dynamics simulations were performed, and they were
in full agreement with the NMR analysis. These corroborated the findings
emerged from the structural NMR studies which identified N-methylation as

a crucial characteristic for enhanced potency.

Overall, the work presented in this thesis has resulted in the development of
a series of fluorescent probes targeting the intracellular allosteric binding site
of CXCR2. These ligands can be applied in both CXCR2 or CXCRI1 assays
within both membrane and whole cell systems. Their application in
competition binding assays demonstrated efficient derivation of unlabelled
ligand binding parameters, including kinetic parameters, with the successful
and novel application of kinetic binding methodology to an intracellular
allosteric binding site. Additionally, the fluorescent nature of these ligands
provides them with functionality beyond unlabelled ligand characterisation,
as presented in this thesis. The high employment of fluorescent ligands within
the field of advanced microscopy provides these ligands with potential future
uses for furthering our understanding of receptor biology. In particular, the
fluorescent ligands described could be employed as tools to monitor receptor
trafficking, particularly in relation to receptor internalisation and endosomal
localisation.®® This would allow for future exploration of receptor
interactions at subcellular compartments, such as endosomes, potentially
identifying novel signalling pathways for future therapeutic exploitation.
Additionally, the high selectivity of the presented ligands also facilitates their
use in labelling receptors within physiologically relevant systems*!, such as
primary cell lines. This allows for more translational pharmacological studies
to be performed, including characterisation of receptor localisation within
particular cell types, as well as allowing exploration of unlabelled ligands

able to compete with tracer binding within disease relevant systems.

In conclusion, this work provides the scientific community with a set of new
pharmacological tools which can contribute to a better understanding of
allosteric modulation of chemokine receptors and, potentially, of other related
GPCRs. It has the potential to drive the discovery of new, more selective,

CXCR2 antagonists which could result in the identification of novel clinical
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pharmacological entities for safer and improved treatment of several

pathological conditions.
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Chapter 8. Methods

8.1 Chemistry

8.1.1 Materials and General methods

Chemicals and solvents were purchased from standard suppliers and used
without further purification. BODIPY 630/650-X NHS was purchased from
Lumiprobe (Hunt Valley, MD). Unless otherwise stated, reactions were
carried out at ambient temperature and monitored by thin layer
chromatography (TLC) on commercially available precoated aluminum-
backed plates (Merck Kieselgel TLC Silica gel 60 A Fasa). Visualization was
by examination under UV light (254 and 366 nm) followed by staining with
ninhydrin. Organic solvents were evaporated under reduced pressure at <
40°C (water bath temperature). Flash column chromatography was carried
out using technical grade silica gel from Aldrich, pore size 60A, 230-400
mesh and particle size 40—63 um. Automated flash column chromatography
was performed on a Interchim Puriflash 4100 system (PF4100-250) equipped
with a dual wavelength DAD UV detector (200-600 nm) using silica high
performance (HP) 50 um cartriges. Preparative layer chromatography
(PTLC) was performed using precoated glass plates (Analtech uniplate silica
gel GF, 20 x 20 cm, 2000 pm). Analytical RP-HPLC was performed using a
Waters 996 HPLC machine and a YMC-Pack C8 column (150 mm x 4.6 mm
X 5 pum) at a flow rate of 1.0 mL/min over a 30 min period (gradient method
of 10%-90% solvent B; solvent A = 0.01% formic acid in H>O, solvent B =
0.01% formic acid in CH3CN), UV detection at 425 nm and spectra were
analyzed using Millennium 32 software. "H NMR and *C NMR spectra were
recorded on a Bruker-AV 400 respectively at 400.13 MHz and at 101.62 MHz.
Chemical shifts (8) are quoted in parts per million (ppm) with calibration to
the residual undeuterated solvent signal. Solvents used for NMR analysis
were CDCls supplied by Cambridge Isotope Laboratories Inc., (6u = 7.26
ppm, 6c = 77.16 ppm), DMSO-ds supplied by Sigma Aldrich (6u=2.50 ppm,
dc = 39.52 ppm) and CDs;OD supplied by Sigma Aldrich (6u= 3.31 ppm, oc
=49.00 ppm). The spectra were analyzed using MestReNova (v14.2.0-26256)
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NMR software. Coupling constants (J) are recorded in Hz and the significant
multiplicities described by singlet (s), doublet (d), triplet (t), quartet (q), broad
(br), multiplet (m) doublet of doublets (dd). LC/MS was carried out using a
Phenomenex Gemini-NX C18 110A, column (50 mm x 2 mm x 3 um) at a
flow rate 0.5mL/min over a 5 min period (gradient method of 5%-95%
solvent B; solvent A = 0.01% formic acid in H>O, solvent B = 0.01% formic
acid in CH3CN). LC/MS spectra were recorded on a Shimadzu UFLCXR
system combined with an Applied Biosystems API2000 electrospray
ionization mass spectrometer and visualized at 254 nm (channel 1) and 220
nm (channel 2). High resolution mass spectra (HRMS) were recorded on a
Bruker microTOF mass spectrometer using electrospray ionization (ESI-
TOF) operating in positive or negative ion mode. All pharmacologically
tested compounds are >95% pure by HPLC analysis. Optical rotations were
measured using a ADP200 polarimeter (Bellingham + Stanley Ltd).
For crystallization of compound 24: a suitable single crystal of the compound
was selected and acquired on a SuperNova, Titan S2 diffractometer. The
crystal was kept at 120 K during data collection. Using Olex2, the structure
was solved with the ShelXT structure solution program using Intrinsic
Phasing and refined with the Shel XL refinement package using Least Squares
minimisation.  Crystallisation was performed by Stephen Argent

(Chrystallography department, University of Nottingham).

General procedure 1: Conversion of mixed squarates to chiral
squaramides 49a-b, 61a-f. To a solution of the required squaric acid
monoamide monoesters compound (56a-b, 60a-f) in 1.5 mL EtOH were
added (R)-1-5-methylfuran-2-yl-propan-1- amine hydrochloride (1.1 equiv)
and Et3N (1.1 equiv). The mixture was stirred at RT for 144 h, concentrated
under reduced pressure and purified by PTLC (Si).

General procedure 2: Amide coupling for 60c-f. To a solution of the Fmoc
protected amino acid (1 equiv) in anhydrous CH2Cl> at 0 °C were added EDCI
(1.2 equiv) and HOBt (1.1 equiv). The solution was stirred for 30 min prior
to the addition of the required amine (59a-59b) (1.1 equiv) and DIPEA (2.1
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equiv). The mixture was stirred at RT for 72 h, evaporated to dryness and

purified by PTLC (Si).

General procedure 3: Fluorophore ligation via amide bond formation for
62a, 62c-f. The desired Fmoc protected amine congener (61a, 61c-f) (1 equiv)
was dissolved in DMF and treated with 20 % piperidine in DMF. The solution
was stirred at RT for 3h and concentrated under reduced pressure to generate
the desired amine congener. The compound was then dissolved in DMF (1
mL) and treated with BODIPY 630/650-X NHS ester (0.9 equiv). The
solution was stirred at RT for 18h in the dark and concentrated under reduced
pressure. The reaction mixture was purified using PTLC (Si, MeOH/CH:Cl,,
5:95).

8.1.2 Methods Chapter 2

5
6 4O O/
PoP=E
/N12N N 0]
o on M Ho Ly

(R)-2-Hydroxy-N, N-dimethyl-3-((2-((1-(5-methylfuran-2-

yDpropyl)amino)-3,4-dioxocyclobut- 1-en-1-yl)amino)benzamide (R-
navarixin, 2). To a solution of (R)-1-5-methylfuran-2-yl-propan-1- amine
(30) (20 pL, 0.14 mmol) in EtOH (1.1 mL) was added 3-((2-ethoxy-3,4-
dioxocyclobut-1-en- 1-yl)amino)-2-hydroxy-N,N-dimethylbenzamide (29)
(36mg, 0.12mmol) at RT. The reaction mixture was stirred at RT for 16h and
then concentrated under reduced pressure. Purification (PTLC,
MeOH/CH,Cl,, 3:97) gave the title compound (35 mg, 74%) as a pink solid.
Mp 118-120 °C; '"H NMR (400 MHz, DMSO-ds) 6 9.94 (s, IH, OH), 9.29 (s,
1H, ar-NH), 8.66 (d, /= 9.0 Hz, 1H, ar-CH-6), 7.79 (dd, J= 7.2, 2.4 Hz, 1H,
ar-CH-4), 6.98-6.76 (m, 2H, NHCH + ar-CH-5), 6.26 (d, J = 3.1 Hz, 1H,
furan-CH), 6.05 (dd, /= 3.1, 1.3 Hz, 1H, furan-CHCHCH3), 5.14 (q, /= 7.8
Hz, 1H, NHCH), 2.93 (s, 6H, N(CH3)2), 2.26 (s, 3H, furan-CHj3), 2.03-1.78
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(m, 2H, CH2CH3), 0.92 (t, J = 7.3 Hz, 3H, CH>CH3); 3*C NMR (101 MHz,
DMSO- ds) 6 184.4 (C squaramide), 180.6 (C squaramide), 169.0 (C
squaramide), 168.7 (C squaramide), 163.9 (C=0), 152.5 (furan-C), 151.8
(furan-C), 129.1 (ar-C), 124.9 (ar-C), 122.6 (ar-C), 121.2 (ar-C), 120.2 (ar-
C), 108.0 (furan-CH), 106.9 (furan-CH), 55.3 (NHCH) 53.2 ((NCH3)»), 27.6
(CH2CH3), 13.8 (furan-CH3s), 10.7 (CH2CH3) (ar-C not observed); LC/MS
m/z calculated for C21H24N30s [M+H]": 398.1, found 397.9, tz = 4.61 min;
HRMS (TOF ES") calculated for C»1H24N30s5 [M+H]": 398.1710 , found
398.1703, [a]***“p=+64 (1; MeOH).

o O
S 44

O OH
3-((3,4-Dioxo-2-(pentan-3-ylamino)cyclobut-1-en-1-yl)amino)-2-
hydroxy-/V,N- dimethylbenzamide (8). To a solution of 3-aminopentane
(31) (76 pL, 0.66 mmol) in EtOH (3 mL) was added 3-((2-ethoxy-3,4-
dioxocyclobut-1-en-1-yl)amino)-2-hydroxy-N,N-dimethylbenzamide ~ (29)
(100 mg, 0.33 mmol) at RT. The reaction mixture was stirred at RT for 16h.
It was concentrated under reduced pressure. Purification by flash column
chromatography (MeOH/CH,Cl,, 3:97) gave 99 mg (87%) of the title
compound as a pink solid. Mp 200-202 °C; 'H NMR (400 MHz, DMSO-ds)
3 9.95 (s, 1H, OH), 9.23 (s, 1H, ar-NH), 8.19 (d, J = 9.1 Hz, 1H, ar-CH-6),
7.83 (dd, J=17.6, 2.0 Hz, 1H, ar-CH-4), 6.91-6.83 (m, 2H, NHCH + ar-CH-
5), 3.90 (qt, J = 8.8, 4.7 Hz, 1H), 2.94 (s, 6H, N(CH3)2), 1.56-1.41 (m, 5H,
2CH; + NHCH ), 0.90 (t, J = 7.4 Hz, 6H, 2CH3); '*C NMR (101 MHz,
DMSO- ds) 6 184.6 (C squaramide), 180.3 (C squaramide), 169.9 (C
squaramide), 168.8 (C squaramide), 163.5 (C=0), 129.3 (ar-C), 124.8 (ar-C),
122.5 (ar-C), 121.1 (ar-C), 120.3 (ar-C), 57.5((NCHz3)2), 28.4 (2CH>), 10.5
(2CH3) (lar-C and NHCH not observed); LC/MS m/z calculated for
C1sH24N304 [M+H]": 346.1, found 346.0, £z = 4.02 min; HRMS (TOF ES")
calculated for CisH24N304 [M+H]": 346.1761, found 346.1760.
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(R)-3-((3,4-Dioxo-2-((1-phenylethyl)amino)cyclobut-1-en-1-yl)amino)-
2-hydroxy-N,N- dimethylbenzamide (11). To a solution of (R)-a-
methylbenzylamine (170 pL, 1.32 mmol) (32) in EtOH (6 mL) was added
3-((2-ethoxy-3,4-dioxocyclobut-1-en-1-yl)amino)-2-hydroxy-N,N-
dimethylbenzamide (29) (200 mg, 0.66 mmol) at RT. The reaction mixture
was stirred at RT for 16h and then concentrated under reduced pressure.
Purification by flash column chromatography (MeOH/CH,Cl,, 3:97) gave
157 mg (63%) of the title compound as a pink foamy solid. Mp 130-132 °C;
'"H NMR (400 MHz, DMSO- ds) & 9.95 (s, 1H, OH), 9.28 (s, 1H, ar-NH),
8.71 (d, J= 8.5 Hz, 1H, ar-CH-6), 7.78 (dd, J = 7.1, 2.5 Hz, 1H, ar-CH-4),
7.47—7.36 (m, 4H, NHCH + ar-CH-5 + 2 ar’-CH), 7.31 (ddd, J = 8.6, 5.3,
3.2 Hz, 1H, ar’-CH), 6.93-6.82 (m, 2H, 2 ar’-CH), 5.34 (p, /= 7.2 Hz, 1H,
NHCH), 2.94 (s, 6H, N(CH3)2), 1.59 (d, J = 6.9 Hz, 3H, CH3); 13C NMR
(101 MHz, DMSO-ds) 6 184.4 (C squaramide), 180.6 (C squaramide), 168.9
(C squaramide), 168.8 (C squaramide), 164.0 (C=0), 143.8 (ar-C), 143.7
(ar-C), 129.2 (ar-C), 128.9 (ar-C), 128.0 (ar-C), 126.4 (ar-C), 124.8 (ar-C),
122.8 (ar-C), 121.4 (ar-C), 120.3 (ar-C), 53.5 (NCH3)2), 23.4 (CH3) (ar-C
and NHCH not observed); LC/MS m/z calculated for C21H22N304 [M+H]":
380.1, found 379.9, tr = 4.34 min; HRMS (TOF ES") calculated for
C21H22N304 [M+H]": 380.1605, found 380.1602; [a]*®® “p = -72 (1;
MeOH).
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(8)-2-Hydroxy-N, N-dimethyl-3-((2-((1-(5-methylfuran-2-
yD)propyl)amino)-3,4-dioxocyclobut- 1-en-1-yl)amino)benzamide (24).
To a solution of (S)-1-5-methylfuran-2-yl-propan-1-amine (33)
hydrochloride (24.6 mg, 0.14 mmol) in EtOH (1.1 mL) was added
triethylamine (19.5 pL, 0.14mmol). To the mixture was added 3-((2-ethoxy-
3,4-dioxocyclobut-1-en-1-yl)amino)-2-hydroxy-N,N-dimethylbenzamide
(29) (36 mg, 0.12 mmol) at RT. The reaction mixture was stirred at RT for
16h and then concentrated under reduced pressure. Purification (PTLC,
MeOH/CH,Cl,, 3:97) gave the title compound (25 mg, 53%) as a pink solid.
Mp 118-120 °C; '"H NMR (400 MHz, DMSO-ds) 6 9.93 (s, IH, OH), 9.28 (s,
1H, ar-NH), 8.66 (d, /= 9.1 Hz, 1H, ar-CH-6), 7.79 (dd, J = 7.3, 2.3 Hz, 1H,
ar-CH-4), 6.97- 6.73 (m, 2H, NHCH + ar-CH-5), 6.26 (d, J = 3.1 Hz, 1H,
furan-CH), 6.05 (dd, /= 3.1, 1.3 Hz, 1H, furan-CHCHCH3), 5.14 (q, J=7.8
Hz, 1H, NHCH), 2.93 (s, 6H, N(CHz3)2), 2.26 (s, 3H, furan-CH3), 2.02-1.77
(m, 2H, CH2CH3), 0.92 (t, J = 7.3 Hz, 3H, CH,CH3) '*C NMR (101 MHz,
DMSO-ds) 6 184.4 (C squaramide), 180.6 (C squaramide), 169.0 (C
squaramide), 168.7 (C squaramide), 163.9 (C=0), 152.5 (furan-C), 151.8
(furan-C), 143.7 (ar-C), 129.1 (ar-C), 124.9 (ar-C), 122.6 (ar-C), 121.2 (ar-
C), 120.2 (ar-C), 108.0 (furan-CH), 106.9 (furan-CH), 53.2 (NCHz3)2), 27.6
(CH2CH3), 13.8 (furan-CH3), 10.7 (CH2CH3) (NHCH not observed); LC/MS
m/z calculated for C21H24N30s [M+H]": 398.1, found 397.9, tz = 4.61 min;
HRMS (TOF ES") calculated for C»1H24N30s5 [M+H]": 398.1710 , found
398.1707; [a]** ““p=-76 (1; MeOH).
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(RS)-2-Hydroxy-N,N-dimethyl-3-((2-((1-(5-methylfuran-2-

yD)propyl)amino)-3,4-dioxocyclobut-1- en-1-yl)amino)benzamide (25).
To a solution of (RS)-1-(5-methylfuran-2-yl)propan-1-amine (34) (10 mg,
0.036mmol) in EtOH (0.5mL) was added 3-((2-ethoxy-3,4-dioxocyclobut-1-
en-1-yl)amino)-2- hydroxy-N,N-dimethylbenzamide (29) (6 mg, 0.043
mmol) at rt. The reaction mixture was stirred at RT for 48h and then
concentrated under reduced pressure. Purification (PTLC, MeOH/CH,Cl,,
3:97) gave 4 mg (30%) of the title compound as a pink solid. Mp 118-120
°C; 'HNMR (400 MHz, DMSO-d5) 5 8.66 (s, 1H, NH), 7.77 (dd, /= 6.8, 2.8
Hz, 1H, ar-CH-6), 6.91-6.79 (m, 2H, ar-CH-4,5), 6.24 (d, J = 3.1 Hz, 1H,
furan-CH), 6.04 (d, J = 3.0 Hz, 1H, furan-CHCHCH3), 5.12 (t, J = 7.3 Hz,
1H, NHCH), 2.92 (s, 6H, N(CHa)2), 2.25 (s, 3H, furan-CH3), 1.99-1.79 (m,
2H, CH2CH3), 0.91 (t,J= 7.3 Hz, 3H, CH>CH3) (OH and NH not observed);
LC/MS m/z calculated for C21H24N305 [M+H]": 398.1, found 397.9, 1= 4.61

min.

|
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O OH

2-Hydroxy-N,N-dimethyl-3-nitrobenzamide (27). To a solution of 3-
nitrosalicylic acid (26) (2.0 g, 10.9 mmol) in anhydrous CH>Cl, (100 mL) at
RT were added oxalyl chloride (2.8 mL, 32.7 mmol) and DMF (2 drops)
under N> atmosphere. The mixture was stirred for 16 h at RT and then
concentrated under reduced pressure to give a yellow solid. To the solid was
added anhydrous CH>Cl> (35 mL) under N> atmosphere. The mixture was
cooled to 0 °C and dimethylamine in THF (2 M, 16.4 mL) was added
dropwise. The mixture was stirred at RT for 1 h and concentrated under

reduced pressure to afford an orange solid. It was recrystallized from ethyl
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acetate and hexane to afford 1.5 g (65%) of yellow crystals. Mp 115-117 °C;
'"H NMR (400 MHz, CDCI3) & 10.86 (s, 1H, OH), 8.16 (dd, /= 8.5, 1.7 Hz,
1H, ar-CH-6), 7.62 (dd, J = 7.4, 1.7 Hz, 1H, ar-CH-4), 7.06 (dd, J = 8.5,
7.4 Hz, 1H, ar-CH-5), 3.04 (s, 6H, N(CH3)2); LC/MS m/z calculated for
CoH11N>0O4 [M+H]": 211.0, found 211.0, #z=2.17 min.

I
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3-Amino-2-hydroxy-/V,N-dimethylbenzamide (28). To 2-hydroxy-N,N-
dimethyl-3-nitrobenzamide (27) (2.0 g, 9.5 mmol) in EtOH (100 mL) at RT
was added 10% Pd/C (200 mg). The mixture was stirred under H, atmosphere
at RT for 2 h. The mixture was filtered through a pad of Celite and
concentrated under reduced pressure to give 1.5 g (72%) of an orange viscous
solid. 'TH NMR (400 MHz, CDCI3) 8 6.88-6.55 (m, 3H, 3 ar-CH), 3.14 (s,
6H, N(CH3)2) (NH2 and OH not observed); LC/MS m/z calculated for
CoH3N202 [M+H]": 181.1, found 181.0, tz=2.07 min.

O OH
3-((2-Ethoxy-3,4-dioxocyclobut-1-en-1-yl)amino)-2-hydroxy-/V,/V-
dimethylbenzamide (29). To a solution of 3-amino-2-hydroxy-N,N-
dimethylbenzamide (28) (1.5 g, 8.3 mmol) in EtOH (60 mL) was added
diethoxysquarate (1.7 mL, 11.4 mmol) dropwise at 0 °C. The mixture was
stirred for 64 h. It was filtered, the precipitate was washed with cold EtOH
and dried under vacuum. Purification by flash column chromatography
(MeOH/CHxCl,, 2:98) gave 1.1 g (45 %) of the title compound as a pink solid.
Mp 166-168 °C; 'H NMR (400 MHz, CDCl3) & 11.0 (br s, 1H, OH), 7.79 (s,
1H, ar-CH-6), 7.11 (dd, J = 8.0, 1.4 Hz, 1H, ar-CH-4), 6.89 (t, J = 8.0 Hz,
1H, ar-CH-5), 4.88 (q, /= 7.1 Hz, 2H, CH,CH3), 3.19 (s, 6H, N(CH3)2), 1.53
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(t, J=17.1 Hz, 3H, CH>,CH3) (NH not observed); LC/MS m/z calculated for
Ci1sH17N202 [M+H]": 305.1, found 305.0, 7z = 2.30 min.

@)

|
NH,

(RS)-1-(5-Methylfuran-2-yl)propan-1-amine (34). To (E)-N-benzhydryl-1-
(5-methylfuran-2-yl)methanimine (41) (500 mg, 1.82 mmol) in anhydrous
DMF (9.1 mL) under N, atmosphere at 0 °C was added -BuOK (245 mg,
2.18 mmol). The deep red solution was stirred for 5 min and then EtBr
(0.2 mL, 2.73 mmol) was added and it was stirred for 5.30 h. Changing of
colour from deep red to yellow was observed. To the reaction mixture were
added H20 (5.5 mL) and sat NaHCOj3 solution (10 mL). It was extracted with
Et,0O (3 x 15 mL), washed with brine (1 x 10 mL) and concentrated under
reduced pressure. The residue was dissolved in MeOH (5 mL), 1 M HCI
(5 mL) was added and the mixture was stirred for 5 h. The aqueous layer was
washed with Et;O and concentrated under reduced pressure. Purification by
flash column chromatography (1 M NH3 in MeOH/CH:Cl,, 5:95) gave 6 mg
(3%) of the title compound as a brown oil. 'H NMR (400 MHz, CDCl;3) &
6.02 (d, J=3.0 Hz, 1H, furan-CH), 5.87 (dd, J= 3.0, 1.1 Hz, 1H, furan-CH),
3.81 (t,J= 6.8 Hz, 1H, CHNH>), 2.26 (s, 3H, furan-CH3), 1.85-1.68 (m, 2H,
CH2CH3), 0.93 (t, J = 7.4 Hz, 3H, CH,CH3); LC/MS m/z calculated for
CgHi4sNO [M+H]": 140.1, found 140.1, tz=0.57 min.
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(R,E)-N-(3-Methyl-1-((trimethylsilyl)oxy)butan-2-yl)-1-(5-methylfuran-
2-yl)methanimine (38). To (D)-Valinol (35) (900 mg, 8.7 mmol) in CH>Cl»
(15 mL) at 0 °C and under N, atmosphere were added MgSQO4 (4.3 mg) and
5-methylfuraldehyde (36) (860 uL, 8.7 mmol) dropwise. The mixture was
stirred at 0 °C for 2h and then at RT for 40h. It was filtered, the drying agent
was washed with CH>Clz and the filtrate was concentrated under reduced
pressure. The crude imine was used for the next step without further
purification. To the solution of the imine in CH>Cl, (15 mL) at RT and under
N> atmosphere were added EtsN (1.34 mL, 9.57 mmol) and TMSCI (1.04 mL,
9.57 mmol) dropwise. The mixture was stirred for 18h. It was filtered and the
precipitate was washed with CH>Cl,. The filtrate was concentrated under
reduced pressure and taken up in Et2O/Hexane (1:1, 150 mL). The precipitate
was filtered off and the filtrate was concentrated under reduced pressure
giving 974 mg (42%) of the title compound as a brown oil used for the
subsequent step without further purification. 'H NMR (400 MHz, CDCls) &
7.90 (s, 1H, N=CH), 6.59 (d, J = 3.2 Hz, 1H, furan-CH), 6.06 (dq, J = 3.1,
1.0 Hz, 1H, furan-CH), 3.89 (dd, J = 10.3, 4.1 Hz, 1H, CH), 3.63 (dd, J =
10.3, 8.0 Hz, 1H, 1/2CH), 2.82 (td, J = 7.6, 4.1 Hz, 1H, 1/2CH3), 2.36 (s,
3H, furan-CH3), 1.95 (hept, J = 6.8 Hz, 1H, CH), 0.94 (d, J = 6.8 Hz, 3H,
CHCH3s), 0.89 (d, J = 6.8 Hz, 3H, CHCH3), 0.05 (s, 9H, TMS); LC/MS m/z
calculated for C14H26NO2Si [M+H]": 268.2 , found 268.1, tz=3.51 min.

:( <
HO_ ” /\LO/)/
(R)-3-Methyl-2-(((S)-1-(5-methylfuran-2-yl)propyl)amino)butan-1-ol
(39). To an oven dried flask under N> atmosphere were added EtI (346 uL,
4.31 mmol) and dry Et;O (9.6 mL). At -78 °C ¢t-BuLi (6.13 mL, 8.58 mmol)

was added to the mixture, it was stirred for 10 min at -78 °C and then warmed

to RT over 1h and recooled to -40 °C. A solution of (R,E)-N-(3-methyl-1-
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((trimethylsilyl)oxy)butan-2-yl)-1-(5-methylfuran-2-yl)methanimine ~ (38)
(960 mg, 3.59 mmol) in Et,O (7.2 mL) was added dropwise to the reaction
mixture and it was stirred for 2.5h at -40 °C. To the mixture was added 2M
HCI (12 mL) and it was warmed to RT. H>O (12 mL) was added, the aqueous
layer was extracted with Et;0 (2 x 8§ mL) and the organic layers were
combined and discarded. The aqueous layer was cooled to 0 °C and basified
(pH=12) with the addition of 2M NaOH. The aqueous layer was extracted
with Et:O (3 x 10 mL), the combined organic layers were washed with brine
(1 x 10 mL), dried (NaxSQOg4), filtered and concentrated under reduced
pressure to afford 424 mg (52%) of the title amine as a yellow oil. 'H NMR
(400 MHz, CDCl3) 6 5.96 (d, J = 3.0 Hz, 1H, furan-CH), 5.85 (dq, J = 2.9,
1.0 Hz, 1H, furan-CH), 3.55 (dd, J=10.7, 4.1 Hz, 1H, NHCH), 3.45 (dd, J =
7.9, 6.4 Hz, 1H,NH), 3.37 (dd, /=10.7, 4.2 Hz, 1H, CH), 2.99 (br, 1H, OH),
2.30-2.23 (m, 1H, CH), 2.29-2.22 (m, 4H, furan-CH3 + 1/2CH3), 1.85-1.55
(m, 3H, CH,CH3 + 1/2CH3), 0.88 (t, J = 7.4 Hz, 3H, CH2CH3), 0.84 (dd, J =
6.8, 1.0 Hz, 6H, 2CHCH3); LC/MS m/z calculated for C13H24NO, [M+H]":
226.2 , found 226.1 , tz= 1.90 min.

o
\
% N

(E)-N-Benzhydryl-1-(5-methylfuran-2-yl)methanimine (41). To a solution
of 5-methylfuraldehyde (36) (0.54 mL, 5.46 mmol) in EtOH (22 mL) at RT
under N> atmosphere was added benzhydrylamine (40) (0.94 mL,
5.46 mmol). The mixture was stirred at RT for 24h. The precipitate was
filtered off, washed with cold Et2O and recrystallized from EtOH giving
852 mg (57%) of colourless crystals of the title compound. Mp 98-100 °C;
'"H NMR (400 MHz, CDCl3) 8 8.08 (d, J = 0.9 Hz, 1H, N=CH), 7.40-7.18
(m, 10H, 10ar-CH), 6.68 (d, J = 3.2 Hz, 1H, furan-CH), 6.08 (dd, J = 3.3,
1.0 Hz, 1H, furan-CH), 5.58 (s, 1H, CH), 2.37 (s, 3H, furan-CH3); LC/MS
m/z calculated for C1oH;sNO [M+H]*: 276.1 , found 275.9, #z = 2.50 min.
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3-Amino-2-hydroxybenzoic acid (50). To a solution of 2-hydroxy-3-
nitrobenzoic acid (26) (2.0 g, 10.9 mmol) in THF (100 mL) at RT was added
10% Pd/C (200 mg). The mixture was stirred under H> atmosphere at RT for
24 h. The mixture was filtered through a pad of Celite and concentrated under
reduced pressure. The precipitate obtained was then dissolved in MeOH and
precipitated with the addition of cold Et:O to give 770 mg (47%) of the title
compound as a brown viscous solid. 'H NMR (400 MHz, DMSO) & 8.01 (br
s, IH, OH), 7.05 (dd, /= 8.0, 1.6 Hz, 1H, ar-CH-6), 6.87 (dd, /= 7.7, 1.6 Hz,
1H, ar-CH-4), 6.64 (t, J = 7.8 Hz, 1H, ar-CH-5), 2.51 (p, J = 1.9 Hz, 2H,
NH:) (COOH not observed); LC/MS m/z calculated for C7HsNO3 [M+H]+:
154.1 , found 154.2 , #z = 0.49 min.

0] @) -
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(R)-3-Ethoxy-4-((1-(5-methylfuran-2-yl)propyl)amino)cyclobut-3-ene-
1,2-dione (51). To a solution of diethoxysquarate (20.7 pL, 0.14 mmol) in
EtOH (0.8 mL) was added a solution of (R)-1-5-methylfuran-2-yl-propan-1-
amine hydrochloride (25 mg, 0.14 mmol) and EtsN (19.5 pL, 0.14mmol) in
EtOH (0.7 mL) dropwise at 0 °C. The mixture was stirred at RT for 20 h,
concentrated under reduced pressure and purified (PTLC, MeOH/CHCl>,
0.5:95.5) to give 22 mg (61%) of the title compound as a yellow viscous solid.
'"H NMR (400 MHz, CDCl3) 6 6.10 (s, 1H, furan-CH), 5.89 (dd, J = 3.0, 1.3
Hz, 1H, furan-CHCHCH3), 4.88 — 4.54 (m, 3H, NHCH + ethyl-CH2CH3),
2.26 (s, 3H, furan-CH3), 2.05-1.82 (m, 2H, CH2CH3), 1.46 (t,J=7.1 Hz, 3H,
ethyl-CH3), 0.97 (t,J=7.4 Hz, 3H, CH>,CH3) (NH not observed); LC/MS m/z
calculated for C14HsNO4 [M+H]": 264.1 , found 264.2 , = 2.56 min.
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3-((2-Ethoxy-3,4-dioxocyclobut-1-en-1-yl)amino)-2-hydroxybenzoic acid
(53). To a solution of 3-amino-2-hydroxybenzoic acid (50) (400 mg, 2.61
mmol) in dioxane (3 mL), were added diethylsquarate (460 pL, 3.13 mmol)
and DIPEA (455 pL, 2.61 mmol). The mixture was reacted in the microwave
at 120 °C for 15 min and concentrated under reduced pressure. H>O (20 mL)
was added, the aqueous layer was washed with Et2O (3 x 20 mL) and the
organic layers were combined and discarded. The aqueous layer was acidified
(pH=2) with the addition of 2M HCI. The aqueous layer was extracted with
EtOAc (3 x 20 mL) and the combined organic layers were concentrated under
reduced pressure. Purification by flash column chromatography
(MeOH/CHCl,, 10:90) gave 450 mg (62%) of the title compound as a yellow
viscous solid. 'H NMR (400 MHz, DMSO-ds) & 10.32 (s, 1H, OH), 7.66 (dd,
J=28.0, 1.6 Hz, 1H, ar-CH-6), 7.44 (dd, J = 7.8, 1.6 Hz, 1H, ar-CH-4), 6.90
(t,J=7.9 Hz, 1H, ar-CH-5), 4.67 (q, J = 7.1 Hz, 2H, ethyl-CH3), 1.34 (t, /=
7.0 Hz, 3H, ethyl-CH3s) (NH and COOH not observed); LC/MS m/z
calculated for C13H12NOs [M+H]": 278.1 , found 278.1 , t = 2.65 min.

0] O -
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(R)-2-Hydroxy-3-((2-((1-(5-methylfuran-2-yl)propyl)amino)-3,4-
dioxocyclobut-1-en-1-yl)amino)benzoic acid (52). To a solution of 3-((2-
ethoxy-3,4-dioxocyclobut-1-en-1-yl)amino)-2-hydroxybenzoic acid (53)
(400 mg, 1.44 mmol) and DIPEA (250 pL, 1.44 mmol) in EtOH (5 mL) was
added a solution of (R)-1-5-methylfuran-2-yl-propan-1- amine hydrochloride
(30) (200 mg, 1.44 mmol) and DIPEA (250 pL, 1.44 mmol) in EtOH (5 mL).
The mixture was stirred at RT for 144 h and concentrated under reduced
pressure. H>O (5 mL) was added, the aqueous layer was washed with Et,0O (3
x 5 mL) and the organic layers were combined and discarded. The aqueous

layer was acidified (pH=2) with the addition of 2M HCI and the viscous
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precipitated title product (86 mg, 16%) was collected and used without further
purification. '"H NMR (400 MHz, DMSO-ds) 6 9.38 (s, 1H, OH), 8.68 (d, J =
9.0 Hz, 1H, ar-NH), 8.02 (dd, J = 7.9, 1.5 Hz, 1H, ar-CH-6), 7.47 (dd, J =
8.0, 1.5 Hz, 1H, ar-CH-4), 6.91 (t, /= 8.0 Hz, 1H, ar-CH-5), 6.27 (d, J = 3.1
Hz, 1H, furan-CH), 6.05 (d, J = 3.1 Hz, 1H, furan-CHCHCH3), 5.13 (q, J =
7.8 Hz, 1H, NHCH), 2.27 (s, 3H, furan-CH3), 2.03-1.79 (m, 2H, CH2CH3),
0.92 (t,J= 7.3 Hz, 3H, CH.CH3) (NH and COOH not observed); *C NMR
(101 MHz, DMSO-ds) o6 185.5 (C-squarate), 184.6 (C-squarate), 181.5 (C-
squarate), 180.6(C-squarate), 172.8 (C=0), 152.4 (furan-C), 151.8 (furan-C),
128.0(ar-C), 125.4(ar-C), 124.3(ar-C), 119.3(ar-C), 113.2(ar-C), 108.0
(furan-C), 106.9 (furan-C), 53.3 (NHCH), 27.7 (CH2CH3), 13.7 (furan-CH3),
10.73 (CH2CH3) (ar-C not observed); LC/MS m/z calculated for C19H19N2Og
[M+H]*: 371.1, found 371.2 , tz=3.15 min.

P
OJ\N/\/N NO,

O OH
tert-Butyl (2-(2-hydroxy-3-nitrobenzamido)ethyl)carbamate (54a). To a
solution of 3-nitrosalicylic acid (26) (2.0 g, 10.9 mmol) in anhydrous CH>Cl;
(25 mL) at 0 °C were added oxalyl chloride (2.8 mL, 32.7 mmol) and DMF
(2 drops) under N2 atmosphere. The mixture was stirred for 1.5 h at RT and
then concentrated under reduced pressure to give a yellow solid. To the solid
was added anhydrous CH>Cl> (25 mL) under N2 atmosphere and tert-butyl
(2-aminoethyl)carbamate (5.1 mL, 32.7 mmol) dropwise. The mixture was
stirred at RT for 24 h and concentrated under reduced pressure to give a
yellow solid. The solid was dissolved in CH>Cl> and the organic layer was
washed with KHSO4 and H>O and concentrated under reduced pressure.
Purification by flash column chromatography (EtOAc/CH2CI2, 50:50) gave
2.1 g (58 %) of the title compound as a yellow solid. Mp 103-105 °C; 'H
NMR (400 MHz, CDCl3) 6 12.95 (s, 1H, OH), 8.33 — 8.11 (m, 3H, ar-
(C=O)NH + ar-CH-6 + ar-CH-4), 7.05 (t, J = 8.1 Hz, 1H, ar-CH-5), 5.01 (s,
1H, BocNH), 3.58 (q, J = 5.3 Hz, 2H, BocNHCH:CHz), 3.42 (s, 2H,
BocNHCH:CH>), 1.43 (s, 9H, Boc); 3*C NMR (101 MHz, CDCls) & 166.1
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(ar-C=ONH), 157.3(Boc-C=0), 154.5 (ar-C), 136.4 (ar-C), 136.1(ar-C),
129.1(ar-C), 120.6 (ar-C), 1189 (ar-C), 80.1 (Boc-C), 41.7
(BocNHCH:CH>), 39.9 (BocNHCH:CH>»), 28.3 (Boc-(CHj3)3); LC/MS m/z
calculated for C14H20N306 [M+H]": 326.1, found 326.2, frr = 3.02 min.

0 L :]
07" N NO,
H

O OH

tert-Butyl  (2-(2-hydroxy-/N-methyl-3-nitrobenzamido)ethyl)carbamate
(54b). To a solution of 3-nitrosalicylic acid (26) (1.5 g, 8.2 mmol) in
anhydrous CH>Cl> (20 mL) at 0 °C were added oxalyl chloride (2.1 mL, 24.6
mmol) and DMF (2 drops) under N> atmosphere. The mixture was stirred for
1.5 h at RT and then concentrated under reduced pressure to give a yellow
solid. To the solid was added anhydrous CH>Cl» (20 mL) under N> atmosphere
and fert-butyl (2-(methylamino)ethyl) carbamate (4.2 mL, 24.6 mmol)
dropwise. The mixture was stirred at RT for 24 h and concentrated under
reduced pressure to give a yellow solid. The solid was dissolved in CH>Cl»
and the organic layer was washed with KHSO4 and H>O and concentrated
under reduced pressure Purification by flash column chromatography
(EtOAc/CH2Cl,, 50:50) gave 1.9 g (70 %) of the title compound as a yellow
oil. 'TH NMR (400 MHz, CDCl3) 6 10.85 (s, 1H, OH) 8.14 (d, J= 8.5 Hz, 1H,
ar-CH-4), 7.66 — 7.50 (m, 1H, ar-CH-6), 7.05 (t, J = 7.9 Hz, 1H, ar-CH-5),
5.03 (s, 1H, BocNH), 3.79 —2.82 (m, 7H, BocNHCH>CH: + BocNHCH2CH>
+ CH3), 1.49 — 1.31 (m, 9H, Boc); *C NMR (101 MHz, CDCI3) & 167.2 (ar-
C=0ONH), 156.2 (Boc-C=0), 150.9 (ar-C), 136.0 (ar-C), 133.8 (ar-C), 128.5
(ar-C), 126.0 (ar-C), 120.4 (ar-C), 79.4 (Boc-C), 47.1 (BocNHCH:CH>), 38.1
(BocNHCH2CH>), 36.8 (CH3), 28.4 (Boc-(CH3)3); LC/MS m/z calculated for
C15H22N306 [M+H]" : 340.1, found 340.1, tr =2.79 min.
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tert-Butyl (2-(3-amino-2-hydroxybenzamido)ethyl)carbamate (55a). To
tert-butyl (2-(2-hydroxy-3-nitrobenzamido)ethyl)carbamate (54a) (2.0 g, 6.1
mmol) in EtOH (50 mL) at RT was added 10% Pd/C (200 mg). The mixture
was stirred under H, atmosphere at RT for 2.5 h. The mixture was filtered
through a pad of Celite and concentrated under reduced pressure to give 1.8
g (99%) of a brown viscous solid. 'H NMR (400 MHz, CDCls) & 12.66 (s,
1H, OH), 7.65 (s, 1H, ar-(C=O)NH), 6.87 (dd, J= 8.0, 1.4 Hz, 1H, ar-CH-6),
6.79 (dd, J = 7.7, 1.4 Hz, 1H, ar-CH-4), 6.64 (t, J = 7.9 Hz, 1H, ar-CH-5),
5.12(d,J=7.2 Hz, 1H, BocNH), 3.57 — 3.26 (m, 6H, NH2 + BocNHCH>CH;
+BocNHCH,CH>), 1.42 (s, 9H, Boc); *C NMR (101 MHz, CDCl3) 8 171.0
(ar-C=ONH), 157.8 (Boc-C=0), 149.7 (ar-C), 136.4 (ar-C), 118.5 (ar-C),
118.0 (ar-C), 1149 (ar-C), 1133 (ar-C), 80.2 (Boc-C), 42.0
(BocNHCH:CH>), 39.5 (BocNHCH:CH>»), 28.3 (Boc-(CHzs)3); LC/MS m/z
calculated for C14H22N304 [M+H]": 296.1, found 296.3 , tr = 2.68 min.

)( o) |
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tert-Butyl (2-(3-amino-2-hydroxy-N-methylbenzamido)ethyl)carbamate
(55b). To tert-butyl (2-(2-hydroxy-N-methyl-3-nitrobenzamido)
ethyl)carbamate (54b) (1.8 g, 5.3 mmol) in EtOH (30 mL) at RT was added
10% Pd/C (180 mg). The mixture was stirred under H» atmosphere at RT for
3.5 h. The mixture was filtered through a pad of Celite and concentrated under
reduced pressure to give 1.6 g (81%) of a brown viscous solid. "H NMR (400
MHz, CDCI3) 6 6.80 — 6.63 (m, 3H, ar-CH-6 + ar-CH-4 + ar-CH-5), 5.00 (s,
1H, , BocNH), 3.64 (t, J= 6.1 Hz, 2H, BocNHCH>CH3), 3.40 (q, /= 6.2 Hz,
2H, BocNHCH>CH>), 3.18 (s, 3H, CH3), 1.41 (s, 9H, Boc) (OH and aniline
NH: not observed);'*C NMR (101 MHz, CDCls) § 172.5 (ar-C=ONH), 156.2
(Boc-C=0), 146.2 (ar-C), 136.0 (ar-C), 118.7 (ar-C), 118.0 (ar-C), 117.5 (ar-
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C), 79.6 (Boc-C), 58.4 (BocNHCH>CH3), 50.7 (BocNHCH>CH»), 38.1
(CH3), 28.3 (Boc-(CHs)3) (ar-C not observed); LC/MS m/z calculated for
Ci5sH24N304 [M+H]": 310.1, found 310.2 , g = 2.37 min.

tert-Butyl(2-(3-((2-ethoxy-3,4-dioxocyclobut-1-en-1-yl)amino)-2-
hydroxybenzamido)ethyl) carbamate (56a). To a solution of fert-butyl (2-
(3-amino-2-hydroxybenzamido)ethyl)carbamate (55a) (1.7 g, 5.7 mmol) in
EtOH (30 mL) was added diethoxysquarate (0.89 mL, 6.1 mmol) dropwise.
The mixture was stirred at RT for 24 h and concentrated under reduced
pressure. Purification by flash column chromatography (EtOAc/CH2Cla,
30:70) gave 1.7 g (71 %) of the title compound as a pink solid. Mp 88-90 °C;
'"H NMR (500 MHz, DMSO-ds) & 13.55 (s, 1H, OH), 10.24 (s, 1H, ar-NH),
8.99 (t, J=5.7 Hz, 1H, ar-(C=O)NH), 7.70 (dd, J = 8.2, 1.5 Hz, 1H, ar-CH-
6), 7.38 (dd, J=7.8, 1.4 Hz, 1H, ar-CH-4), 6.95 (t, /= 6.0 Hz, 1H, BocNH),
6.88 (t, J = 8.0 Hz, 1H, ar-CH-5), 4.67 (q, J = 7.0 Hz, 2H, CH2CH3), 3.37 —
329 (m, 2H + H20, BocNHCH:CH), 3.13 (q, J = 6.2 Hz, 2H,
BocNHCH:CH>), 1.26-1.40 (m, 12H, Boc + CH>CH3); 3*C NMR (101 MHz,
DMSO-ds) & 188.0 (C squaramide), 184.1 (C squaramide ), 178.1 (C
squaramide), 170.9 (C squaramide), 169.8 (ar-C=ONH), 155.7 (Boc-C=0),
154.4 (ar-C-2), 128.1 (ar-C-4), 125.9 (ar-C-3), 124.3 (ar-C-6), 117.4 (ar-C-
5), 114.6 (ar-C-1), 77.7 (Boc-C), 69.1 (CH2CHj3), 39.1 (BocNHCH2CHb>),
38.8 (BocNHCH2CH»), 28.2 (Boc-(CH3)3), 15.5 (CH2CHs); LC/MS m/z
calculated for C20H26N307 [M+H]*: 420.1, found 420.1 , tr = 2.90 min.
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tert-Butyl(2-(3-((2-ethoxy-3,4-dioxocyclobut-1-en-1-yl)amino)-2-
hydroxy-N-methylbenzamido)ethyl) carbamate (56b). To a solution of
tert-butyl (2-(3-amino-2-hydroxy-N-methylbenzamido)ethyl)carbamate
(55b) (1.3 g, 4.2 mmol) in EtOH (15 mL) was added diethoxysquarate (0.65
mL, 4.4 mmol) dropwise. The mixture was stirred at RT for 40 h and
concentrated under reduced pressure. Purification by flash column
chromatography (MeOH/CH2Clz, 4:96) gave 0.7 g (39 %) of the title
compound as a pink solid. Mp 75-77 °C; 'H NMR (500 MHz, DMSO-ds) &
10.11 (s, 1H, ar-NH), 9.49 (s, 1H, OH), 7.19 (dd, J="7.8, 1.7 Hz, 1H, ar-CH-
4), 7.02 (s, 1H, ar-CH-6), 6.87 (t, J = 7.7 Hz, 2H, ar-CH-5 + BocNH), 4.65
(q,J=7.1Hz, 2H, CH2CH3), 3.43 (t,J=7.0 Hz, 2H + H20, BocNHCH:CH>),
3.17 (s, 2H, BocNHCH:CH2>), 2.89 (s, 3H, CH3), 1.30-1.42 (m, 12H, Boc +
CH,CH3); 3C NMR (126 MHz, DMSO-ds) & 188.2 (C squaramide), 184.1
(C squaramide), 178.0 (C squaramide), 171.2 (C squaramide), 168.2 (ar-
C=0ONH), 155.6 (Boc-C=0), 146.7 (ar-C-2), 126.0 (ar-C-3), 125.9 (ar-C-
1),125.6 (ar-C-6), 125.2 (ar-C-4), 119.3 (ar-C-5), 77.7 (Boc-C), 69.1
(CH2CHs), 46.8 (BocNHCH:CHz>), 37.5 (BocNHCH>CH>), 36.8 (CH3) 28.2
(Boc-(CH3)3), 15.6 (CH2CHz); LC/MS m/z calculated for C;iH23N30O7
[M+H]": 434.1, found 434.2, fr=2.56 min.

tert-Butyl-(R)-(2-(2-hydroxy-3-((2-((1-(5-methylfuran-2-
yl)propyl)amino)-3,4-dioxocyclobut-1-en-1-yl)amino)
benzamido)ethyl)carbamate (49a). The title compound was synthesized
following general procedure 1 wusing tert-butyl (2-(3-((2-ethoxy-3,4-
dioxocyclobut-1-en-1-yl)amino)-2-hydroxybenzamido)ethyl)carbamate
(56a) (600mg, 1.43 mmol). Purification by flash column chromatography
(MeOH/CHCl,, 3:97) gave the title compound (410 mg, 56%) as a pink solid.
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Mp 128-130 °C; 'H NMR (400 MHz, DMSO-ds) 6 13.96 (s, 1H, OH), 9.34
(s, 1H, ar-NH), 9.00 (t, J = 5.7 Hz, 1H, ar-(C=O)NH), 8.70 (d, J = 9.0 Hz,
1H, ar-CH-6), 7.99 (d, J = 8.0 Hz, 1H, ar-CH-4), 7.52 (d, J = 8.1 Hz, 1H, ar-
CH-5), 7.02 —6.80 (m, 2H, BocNH + NHCH), 6.26 (d, /= 3.1 Hz, 1H, furan-
CH), 6.05 (dd, J = 3.1, 1.2 Hz, 1H, furan-CHCHCH3), 5.13 (q, J = 7.8 Hz,
1H, NHCH), 3.33 (q, J = 6.5 Hz, 2H, BocNHCH>CHa»), 3.13 (q, J = 6.2 Hz,
2H, BocNHCH:CH>»), 2.26 (d, J = 1.0 Hz, 3H, furan-CHz), 2.03 — 1.77 (m,
2H, CH2CH3), 1.36 (s, 9H, Boc), 0.92 (t,J= 7.3 Hz, 3H, CH,CH3); 3C NMR
(101 MHz, DMSO-ds) 6 184.5 (C squaramide), 180.6 (C squaramide), 170.6
(C squaramide), 169.0 (C squaramide), 163.6 (C=ONH), 156.2 (Boc-C=0),
152.5 (furan-C), 151.8 (furan-C), 151.4 (ar-C), 128.4 (ar-C), 123.5 (ar-C),
121.2 (ar-C), 118.4 (ar-C), 114.3(ar-C), 108.0 (furan-CH), 106.9(furan-CH),
78.2 (Boc-C), 63.2 (NHCH) 55.3 (CH»), 53.3 (CH2), 28.6 (Boc-(CHs)3), 27.7
(CH>), 13.8 (furan-CH3), 10.7 (CH2CH3) (C=0 not observed); LC/MS m/z
calculated for CicH33N4O7 [M+H]*: 513.2, found 513.2 , &r = 6.36 min;
HRMS (TOF ES") calculated for CzsH33N4O7 [M+H]": 513.2344, found
513.2315; [a]**° b= +72 (0.5; MeOH).
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tert-Butyl(R)-(2-(2-hydroxy-N-methyl-3-((2-((1-(5-methylfuran-2-
yD)propyl)amino)-3,4-dioxocyclobut-1-en-1-
yl)amino)benzamido)ethyl)carbamate (49b). The title compound was
synthesized following general procedure 1 using tert-butyl(2-(3-((2-ethoxy-
3,4-dioxocyclobut-1-en-1-yl)amino)-2-hydroxy-N-methylbenzamido)ethyl)
carbamate (56b) (10mg, 0.02 mmol). Purification by flash column
chromatography (MeOH/CH>Cl,, 3:97) gave the title compound (5 mg, 50%)
as a pink oil. '"H NMR (400 MHz, DMSO-dc) § 10.07 — 8.75 (m, 2H, ar-NH
+ OH), 8.49 (s, IH, NHCH), 7.79 (dd, J = 7.6, 1.9 Hz, 1H, ar-CH-4), 6.97 —
6.79 (m, 2H, ar-CH-6 + ar-CH-5), 6.62 (s, 1H, BocNH), 6.24 (d, /= 3.1 Hz,
1H, furan-CH), 6.04 (d, J = 3.1 Hz, 1H, furan-CHCHCH3), 5.17 (s, 1H,
NHCH), 3.42 (t, J = 6.4 Hz, 2H, BocNHCH,CH2), 3.17 (t, J = 6.2 Hz, 2H,
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BocNHCH:CH>»), 2.98 (s, 3H, CH3), 2.28 (s, 3H, furan-CH3), 2.05 — 1.83 (m,
2H, CH2CH3), 1.38 (s, 9H, Boc), 0.96 (t, J= 7.3 Hz, 3H, CH,CH3); 3C NMR
(101 MHz, DMSO-ds) 6 184.3 (C squaramide), 180.6 (C squaramide), 169.0
(C squaramide), 168.4 (C squaramide), 163.9 (C=ONH), 156.1 (Boc-C=0),
152.5 (furan-C), 151.8 (furan-C), 132.9 (ar-C), 129.2(ar-C), 122.7 (ar-C),
116.3(ar-C), 108.0 (furan-CH), 106.9 (furan-CH), 83.3 (NHCH), 78.2 (Boc-
C), 75.6 (CH»), 53.2 (CH>), 28.7 (Boc-(CH3)3), 27.6 (CH2), 13.8 (furan-
CHs), 10.7 (CH2CH3) (CH3 under DMSO-ds, ar-C not observed); LC/MS m/z
calculated for Cy7H3sN4O7 [M+H]": 527.2, found: 527.2, tr = 2.74 min;
HRMS (TOF ES") calculated for C»7H3sN4O7 [M+H]": 527.2500, found
527.2485; [a]**° ““p=+200 (0.1; MeOH).
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N-(2-Aminoethyl)-3-((2-ethoxy-3,4-dioxocyclobut-1-en-1-yl)amino)-2-
hydroxybenzamide (59a). 7ert-butyl(2-(3-((2-ethoxy-3,4-dioxocyclobut-1-
en-1-yl)amino)-2-hydroxybenzamido)ethyl) carbamate (56a) (100 mg, 0.2
mmol) was dissolved in dioxane (2 mL) and it was treated with a solution of
HCI in dioxane (4 M, 2mL). The solution was stirred at RT for 18h and
concentrated under reduced pressure to afford 70 mg (100%) of the
hydrochloride salt of the title compound as a white gum that was used without
further purification. '"H NMR (400 MHz, DMSO-ds) 8 13.28 (s, 1H, OH),
10.28 (s, 1H, ar-NH), 9.25 (t, J = 5.6 Hz, 1H, ar-(C=O)NH), 7.99 (s, 3H,
NH3%), 7.81 (dd, /= 8.2, 1.5 Hz, 1H, ar-CH-6), 7.40 (dd, J=7.9, 1.4 Hz, 1H,
ar-CH-4), 6.91 (td, J = 8.0, 3.0 Hz, 1H, ar-CH-5), 4.67 (q, J = 7.0 Hz, 2H,
CH:CHa), 3.62-3.48 (m, 2H + H,O, NH>.CH,CH3), 3.04 (dq, J = 11.9, 5.9
Hz, 2H, NH.CH2CH>), 1.34 (t, J = 7.1 Hz, 3H, CH,CH3); 3*C NMR (101
MHz, DMSO-ds) 6 184.6 (C squaramide), 178.6 (C squaramide), 171.4 (C
squaramide), 170.7 (C squaramide), 154.8 (ar-C), 128.9 (ar-C), 126.4 (ar-C),
125.3 (ar-C), 118.0 (ar-C), 115.1 (ar-C), 69.6 (CH2CH3), 38.7 (NH2CH2CH>»),
37.3 (NH2CH2CH2), 16.0 (CH2CH3) (C=0O not observed); LC/MS m/z
calculated for C1sHisN3Os [M+H]": 320.1, found 320.1, fr = 2.13 min.
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N-(2-Aminoethyl)-3-((2-ethoxy-3,4-dioxocyclobut-1-en-1-yl)amino)-2-
hydroxy-/V-methylbenzamide (59b). To a solution of tert-butyl(2-(3-((2-
ethoxy-3,4-dioxocyclobut-1-en-1-yl)amino)-2-hydroxy-N-
methylbenzamido)ethyl) carbamate (56b) (50 mg, 0.1 mmol) in CH>ClL (2
mL) was added TFA (0.6 mL, 8 mmol). The solution was stirred at RT for 18
h and concentrated under reduced pressure to afford 40 mg (100%) of the TFA
salt of the title compound as a white gum that was used without further
purification. '"H NMR (400 MHz, DMSO-ds) & 9.82 (s, 1H, ar-NH), 7.80 (s,
3H, NH:+ OH), 7.28 (d, J = 7.8 Hz, 1H, ar-CH-4), 7.11 (d, /= 7.5 Hz, 1H,
ar-CH-6), 6.92 (t, J = 7.7 Hz, 1H, ar-CH-5), 4.69 (q, J = 7.0 Hz, 2H,
CH2CHa), 3.63 (t, J = 6.6 Hz, 2H, NH.CH>CH2), 3.07 (t, J = 6.5 Hz, 2H,
NH>CH>CH>»), 2.91 (s, 3H, CH3), 1.38 (t, /= 7.0 Hz, 3H, CH>.CH3); *C NMR
(101 MHz, DMSO-ds) 6 184.5 (C squaramide), 178.5 (C squaramide), 169.6
(C squaramide), 161.0 (C=0), 158.8 (ar-C), 158.4 (ar-C), 126.5 (ar-C),
118.2(ar-C), 115.3 (ar-C), 69.6 (CH.CHj3), 55.3 (NH2CH:CH»), 45.1
(NH>CH2CH>»), 37.1 (CH3), 16.0 (CH2CHj3) (C squaramide and ar-C not
observed); LC/MS m/z calculated for CisH20N3Os [M+H]*: 334.1, found
334.2, tr = 0.96 min.

(9H-Fluoren-9-yl)methyl(2-(3-((2-ethoxy-3,4-dioxocyclobut-1-en-1-
yl)amino)-2-hydroxybenzamido)ethyl)carbamate (60a). To a solution of
N-(2-aminoethyl)-3-((2-ethoxy-3,4-dioxocyclobut-1-en-1-yl)amino)-2-
hydroxybenzamide (59a) (30 mg, 0.1 mmol) in DMF (1.5 mL) were added
DIPEA (37 uL, 0.21 mmol) and Fmoc-OSU (37 mg, 0.11 mmol). The solution
was stirred for 72 h at RT and it was concentrated under reduced pressure.

Purification (PTLC, MeOH/CH:Cl,, 1:99) gave the title compound (22 mg,
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39%) as a yellow oil. "H NMR (400 MHz, DMSO-ds) & 13.53 (s, 1H, OH),
10.24 (s, 1H, ar-NH), 9.06 (s, 1H, ar-(C=O)NH), 7.88 (d, /= 7.5 Hz, 2H, 2H-
Fmoc), 7.69 (dd, J=11.5, 8.0 Hz, 3H, 2H-Fmoc + FmocNH), 7.50 — 7.26 (m,
6H, 4H-Fmoc + ar-CH-6 + ar-CH-4), 6.87 (t, J= 7.9 Hz, 1H, ar-CH-5), 4.67
(q, J="7.1 Hz, 2H, CH,CH3), 4.38 — 4.18 (m, 3H, Fmoc-CH; + Fmoc-CH),
3.34-3.23 (q, J = 6.4 Hz, 2H, FmocNHCH>CH3»), 3.21 (t, J = 6.1 Hz, 2H,
FmocNHCH:CH>), 1.34 (t, J = 7.1 Hz, 3H, CH>,CH3); '*C NMR (101 MHz,
DMSO-ds) & 184.5 (C squaramide), 178.6 (C squaramide), 171.2 (C
squaramide), 170.3 (C squaramide), 162.7 (C=0), 156.7 (C=0), 144.3 (ar-
C), 141.2 (ar-C), 128.0 (ar-C), 127.5 (ar-C), 126.5 (ar-C), 125.6 (ar-C), 124.7
(ar-C), 120.5 (ar-C), 115.1 (ar-C), 69.6 (CH2CH3), 55.3 (CH»), 49.0 (CH>),
36.2 (CH), 31.2(Fmoc-CH), 16.0 (CH2CH3); LC/MS m/z calculated for
C30H28N307 [M+H]": 542.1, found 542.2, tr = 3.03 min.

(9H-Fluoren-9-yl)methyl (2-(3-((2-ethoxy-3,4-dioxocyclobut-1-en-1-
yl)amino)-2-hydroxy-N-methylbenzamido)ethyl)carbamate (60b). To a
solution  of  N-(2-aminoethyl)-3-((2-ethoxy-3,4-dioxocyclobut-1-en-1-
yl)amino)-2-hydroxy-N-methylbenzamide (59b) (25 mg, 0.075 mmol) in
DMF (1.5 mL) were added DIPEA (28 uL, 0.16 mmol) and Fmoc-OSU (28
mg, 0.083 mmol). The solution was stirred for 96 h at RT and it was
concentrated under reduced pressure. Purification (PTLC, MeOH/CH,Cl,,
3:97) gave the title compound (24 mg, 58%) as a yellow oil. "H NMR (400
MHz, DMSO-ds) & 7.89 (d, J = 7.5 Hz, 2H, 2H-Fmoc), 7.69 (d, J = 7.5 Hz,
2H, 2H-Fmoc), 7.46 — 7.26 (m, 5H, 4H-Fmoc + NH), 7.19 (s, 1H, ar-CH-4),
7.08 — 6.55 (m, 3H, ar-CH-6 + ar-CH-5 + NH), 4.63 (q, J = 7.0 Hz, 2H,
CH2CH3), 4.41 — 4.08 (m, 3H, Fmoc-CH: + Fmoc-CH), 3.57 — 2.74 (m, 7H
+ H20, FmocNHCH>CHz + FmocNHCH,CH> + CH3), 1.31 (t,J=7.1 Hz, 3H,
CH,CH3) (OH not observed); '*C NMR (101 MHz, DMSO-ds) 6 188.8 (C
squaramide), 184.4 (C squaramide), 178.5 (C squaramide), 171.5 (C
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squaramide), 168.7 (C=0), 144.3 (ar-C), 141.2 (ar-C), 128.0 (ar-C), 127.5
(ar-C), 126.5 (ar-C), 125.9 (ar-C), 125.6 (ar-C), 125.2 (ar-C), 120.5 (ar-C),
119.4 (ar-C), 69.5 (CHz), 65.8 (CH>), 49.8 (CHz), 47.1 (CH»), 29.4 (CH3),
16.0 (CH2CH3) (C=0, CH and ar-C not observed); LC/MS m/z calculated for
C31H30N307 [M+H]": 556.2, found 556.1, tr = 2.82 min.

(9H-Fluoren-9-yl)methyl(2-((2-(3-((2-ethoxy-3,4-dioxocyclobut-1-en-1-
yl)amino)-2-hydroxybenzamido)ethyl)amino)-2-oxoethyl)carbamate
(60c). The title compound was synthesized following general procedure 2
using (((9H-fluoren-9-yl)methoxy)carbonyl)glycine (27 mg, 0.09 mmol) and
N-(2-aminoethyl)-3-((2-ethoxy-3,4-dioxocyclobut-1-en-1-yl)amino)-2-
hydroxybenzamide (59a) (30 mg, 0.1 mmol). Purification (PTLC, MeOH/
CH2Cly, 3:97 + 1% acetic acid) gave the title compound (25 mg, 42%) as a
yellow oil. 'TH NMR (400 MHz, DMSO-ds) & 13.49 (s, 1H, OH), 10.23 (s,
1H, ar-NH), 9.07 (s, 1H, ar-(C=O)NH), 8.04 (t, J = 5.7 Hz, 1H, FmocNH),
7.89 (d, J = 7.5 Hz, 2H, 2H-Fmoc), 7.76 — 7.64 (m, 3H, 2H-Fmoc +
FmocNH), 7.52 (q, /= 7.1 Hz, 1H, ar-CH-6), 7.46 — 7.26 (m, SH, 4H-Fmoc
+ ar-CH-4 ), 6.85 (t, J = 7.9 Hz, 1H, ar-CH-5), 4.67 (q, J = 7.1 Hz, 2H,
CH2CH3), 4.35 - 4.01 (m, 4H, Fmoc-CHz + FmocNHCH:CH2»), 3.59 (d, J =
6.0 Hz, 2H, FmocNHCH:CH>»), 3.17 (s, 2H, CHz), 1.34 (t, J = 7.0 Hz, 3H,
CH,CH3) (1H, under H>O peak); *C NMR (101 MHz, DMSO-ds) & 184.5
(C squaramide), 178.6 (C squaramide), 172.4 (C squaramide), 170.2 (C
squaramide), 169.9 (C=0), 156.9 (C=0), 144.3 (ar-C), 141.2 (ar-C), 128.1
(ar-C), 127.5 (ar-C), 126.5 (ar-C), 125.7 (ar-C), 124.7 (ar-C), 120.5 (ar-C),
115.1 (ar-C), 69.6 (CH>), 66.1 (CH»), 55.3 (CH>), 47.1 (CHz»), 44.0 (CH>),
21.5 (CH), 16.0 (CH2CH3) (C=0 not observed); LC/MS m/z calculated for
C32H31N4Os [M+H]": 599.2, found 599.1 , tr = 2.81 min.
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(9H-Fluoren-9-yl)methyl(2-((2-(3-((2-ethoxy-3,4-dioxocyclobut-1-en-1-
yl)amino)-2-hydroxy-/N-methylbenzamido)ethyl)amino)-2-
oxoethyl)carbamate (60d). The title compound was synthesized following
general procedure 2 using (((9H-fluoren-9-yl)methoxy)carbonyl)glycine (33
mg, 0.11 mmol) and N-(2-aminoethyl)-3-((2-ethoxy-3,4-dioxocyclobut-1-en-
I-yl)amino)-2-hydroxybenzamide (59b) (40 mg, 0.1 mmol). Purification by
flash column chromatography ((3:1, EtOAc:IMS)/cyclohexane 60:40 + 0.1%
acetic acid) gave the title compound (8 mg, 11%) as a yellow oil. 'H NMR
(400 MHz, CDs;0OD) & 7.78 (d, J = 7.6 Hz, 2H, 2H-Fmoc), 7.64 (d, J = 7.5
Hz, 2H, 2H-Fmoc), 7.44 —7.18 (m, 6H, 4H-Fmoc + ar-CH + FmocNH), 7.10
(d,J=7.7Hz, 1H, , ar-CH), 6.90 (t, J = 7.8 Hz, 1H, , ar-CH-5), 4.70 (q, J =
7.1 Hz, 2H, CH2CH3), 4.34 (t, J = 7.6 Hz, 2H, Fmoc-CH3), 4.19 (t, J = 6.9
Hz, 1H, Fmoc-CH), 3.74 (m, 6H, FmocNHCH>CH; + FmocNHCH,CH; +
CHa»), 3.05 (s, 3H, CH3), 2.01 (s, 1H, NH), 1.39 (t, /= 7.1 Hz, 3H, CH,CH3)
(OH and NH not observed); '*C NMR (101 MHz, MeOD) & 184.8 (C
squaramide), 171.1 (C squaramide), 170.5 (C squaramide), 157.6 (C=0),
146.3 (ar-C), 143.8 (ar-C), 141.1 (ar-C), 127.4 (ar-C), 126.7 (ar-C), 126.3
(ar-C), 125.1 (ar-C), 124.8 (ar-C), 124.6 (ar-C), 119.6 (ar-C), 119.5 (ar-C),
69.7 (CH»), 66.7 (CH>), 43.6 (CH>), 36.8 (CH>), 19.4 (CHz or CH), 14.6
(CH2CH3) (CH2 or CH and CH3 under MeOD peak, C squaramide, ar-C and
C=0 not observed); LC/MS m/z calculated for C33H33N4Os[M+H]" : 613.2,
found 613.1, fr = 2.73 min.
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(9H-Fluoren-9-yl)methyl (3-((2-(3-((2-ethoxy-3,4-dioxocyclobut-1-en-1-
yl)amino)-2-hydroxybenzamido)ethyl)amino)-3-oxopropyl)carbamate
(60e). The title compound was synthesized following general procedure 2
using 3-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)propanoic acid (28
mg, 0.09 mmol) and N-(2-aminoethyl)-3-((2-ethoxy-3,4-dioxocyclobut-1-en-
I-yl)amino)-2-hydroxybenzamide (59a) (30 mg, 0.1 mmol). Purification by
flash column chromatography (MeOH/CH>Cly, 3:97 + 1% acetic acid) gave
the title compound (25 mg, 40%) as a yellow oil. '"H NMR (400 MHz, DMSO-
des) 5 12.31 (s, 2H, OH + NH), 9.54 (s, 1H, NH), 8.07 (t, /= 5.6 Hz, 1H, NH),
7.88 (d, J=7.5 Hz, 2H, 2H-Fmoc), 7.66 (t, /= 8.0 Hz, 3H, 2H-Fmoc + NH),
7.49 — 7.18 (m, 6H, 4H-Fmoc + 2ar-H ), 6.72 (t, J = 7.9 Hz, 1H, ar-CH-5),
4.68 (q,J=7.0 Hz, 2H, CH2CH3), 4.27 (d, J = 6.6 Hz, 2H, Fmoc-CH3), 4.19
(t,J=7.0 Hz, 1H, Fmoc-CH), 3.40 — 3.16 (m, 6H, 3CH2), 2.27 (t,J = 7.2 Hz,
2H, CH»), 1.34 (t, J = 7.0 Hz, 3H, CH,CH3); *C NMR (101 MHz, DMSO-
ds) 0 188.6 (C squaramide), 184.2 (C squaramide), 178.4 (C squaramide),
172.5 (C squaramide), 171.0 (C=0), 170.6 (C=0), 169.9 (ar-C), 156.5 (ar-
C), 144.3 (ar-C), 141.1 (ar-C), 128.0 (ar-C), 127.5 (ar-C), 127.1 (ar-C), 125.6
(ar-C), 124.9 (ar-C), 120.5 (ar-C), 115.7 (ar-C), 69.6 (CHz), 65.8 (CH>), 47.1
(CH»), 38.5 (CH>), 37.5 (CH>), 36.2 (CH2), 21.5 (CH), 16.0 (CH2CH3) (ar-
C and C=0 not observed); LC/MS m/z calculated for C33H33N4Os [M+H]":
613.2, found 613.2, frr = 1.91 min.
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(9H-Fluoren-9-yl)methyl(3-((2-(3-((2-ethoxy-3,4-dioxocyclobut-1-en-1-
y)amino)-2-hydroxy-/N-methylbenzamido)ethyl)amino)-3-
oxopropyl)carbamate (60f). The title compound was synthesized following
general procedure 2 using 3-((((9H-fluoren-9-
yl)methoxy)carbonyl)amino)propanoic acid (34 mg, 0.11 mmol) and N-(2-
aminoethyl)-3-((2-ethoxy-3,4-dioxocyclobut-1-en-1-yl)amino)-2-
hydroxybenzamide (59b) (40 mg, 0.1 mmol). Purification by flash column
chromatography ((3:1, EtOAc:IMS)/cyclohexane 60:40 + 0.1% acetic acid)
gave the title compound (18 mg, 24%) as a yellow oil. 'H NMR (400 MHz,
CDs;0D) 87.76 (t,J=5.9 Hz, 2H, 2H-Fmoc), 7.63 — 7.55 (m, 2H, 2H-Fmoc),
7.44—-7.19 (m, 6H, , 4H-Fmoc + ar-CH + FmocNH), 7.08 (d,/=7.6 Hz, 1H,
ar-CH), 6.91 (t,J= 7.8 Hz, 1H, ar-CH-5), 4.69 (q, J = 7.1 Hz, 2H, CH,CH3),
4.27(d,J=6.8 Hz, 2H, Fmoc-CH3), 4.13 (d,J=7.5 Hz, 1H, Fmoc-CH), 3.71
—3.34 (m, 6H, 3CH), 3.03 (d, /= 5.8 Hz, 3H, CH3), 2.37 (s, 2H, CH>), 2.01
(s, 1H, NH),1.38 (t, /= 7.1 Hz, 3H, CH>,CH3) (OH and NH not observed);
BCNMR (101 MHz, MeOD) & 184.8 (C squaramide), 173.8 (C squaramide),
170.4 (C squaramide), 157.3 (C squaramide), 146.3 (C=0), 143.9 (C=0),
143.8 (ar-C), 141.1 (ar-C), 127.3 (ar-C), 126.7 (ar-C), 126.3 (ar-C), 125.0
(ar-C), 124.7 (ar-C), 124.5 (ar-C), 124.1 (ar-C), 119.6 (ar-C), 119.5 (ar-C),
119.5 (ar-C), 69.9 (CH>), 69.7 (CH»), 66.4 (CH>), 36.9 (CH>), 36.6 (CH>),
35.8 (CH2), 19.3 (CH;3 or CH), 14.6 (CH2CHs) (C=0O, CHs or CH not
observed); LC/MS m/z calculated for CssHzsN4Os[M+H]": 627.2, found
627.2, tr = 2.75 min.

176



(R)-Fluoren-9-yl)methyl (R)-(2-(2-hydroxy-3-((2-((1-(5-methylfuran-2-
yDpropyl)amino)-3,4-dioxocyclobut-1-en-1-
yl)amino)benzamido)ethyl)carbamate (61a). The title compound was
synthesized following general procedure 1 using 9H-fluoren-9-yl)methyl(2-
(3-((2-ethoxy-3,4-dioxocyclobut-1-en-1-yl)amino)-2-
hydroxybenzamido)ethyl) carbamate (60a)(20 mg, 0.04 mmol). Purification
by flash column chromatography (MeOH/CH:Cly, 3:97) gave the title
compound (8 mg, 35%) as a yellow oil."H NMR (400 MHz, DMSO-ds) &
13.93 (s, 1H, OH), 9.34 (s, 1H, ar-NH), 9.05 (s, 1H, ar-(C=O)NH), 8.70 (d, J
=9.0 Hz, 1H, NH), 7.99 (d, J = 8.0 Hz, 1H, NH), 7.88 (d, J = 7.5 Hz, 2H,
2H-Fmoc), 7.67 (d, J = 7.5 Hz, 2H, 2H-Fmoc), 7.52 (d, J = 8.1 Hz, 1H, ar-
CH), 7.46 (t, J = 5.9 Hz, 1H, ar-CH), 7.44 — 7.36 (m, 2H, 2H-Fmoc), 7.31
(td, J=17.5, 1.1 Hz, 2H, 2H-Fmoc), 6.87 (s, 1H, ar-CH), 6.26 (d, J = 3.1 Hz,
1H, furan-CH), 6.05 (dd, J=3.2, 1.2 Hz, 1H, furan-CH), 5.13 (q, /= 7.7 Hz,
1H, NHCH), 4.30 (d, J = 6.9 Hz, 2H, Fmoc-CH3), 4.20 (t, J = 6.7 Hz, 1H,
Fmoc-CH), 3.37 (q,J= 6.2 Hz, 2H, CH>), 3.21 (q,J= 6.1 Hz, 2H, CH3), 2.26
(d,J=1.0 Hz, 3H, furan-CH3), 2.01 — 1.80 (m, 2H, CH>CH3), 0.92 (t,J=7.3
Hz, 3H, CH,CH3); 3C NMR (101 MHz, DMSO-ds) & 184.4 (C squaramide),
180.6 (C squaramide), 170.6 (C squaramide), 169.0 (C squaramide), 163.6
(C=0), 156.7 (ar-C), 152.5 (furan-C), 151.8 (furan-C), 144.3 (ar-C), 141.2
(ar-C), 128.0 (ar-C), 127.5 (ar-C), 125.6 (ar-C), 123.5 (ar-C), 121.2 (ar-C),
120.5 (ar-C), 114.4 (ar-C), 108.0 (furan-CH), 106.9 (furan-CH), 65.8 (CH>),
53.3 (CH2), 47.1 (CHz or CH), 27.6 (CH2CH3), 13.8 (furan-CH3), 10.7
(CH2CH3) (ar-C, C=0 and CH not observed); LC/MS m/z calculated for
C36H34N4NaO7 [M+ Na]" : 657.2, found 657.2 , tr = 1.84 min; HRMS (TOF
ES™) calculated for C3sH3aN4NaO7 [M+Na]™: 657.2320 , found 657.2286;
[a]?*3 “Cp =+ 64(0.3; MeOH).
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(9H-Fluoren-9-yl)methyl(R)-(2-(2-hydroxy-N-methyl-3-((2-((1-(5-
methylfuran-2-yl)propyl)amino)-3,4-dioxocyclobut-1-en-1-
yl)amino)benzamido)ethyl)carbamate (61b). The title compound was
synthesized following general procedure 1 using (9H-Fluoren-9-yl)methyl
(2-(3-((2-ethoxy-3,4-dioxocyclobut-1-en-1-yl)amino)-2-hydroxy-N-
methylbenzamido)ethyl)carbamate (60b) (23 mg, 0,04 mmol). Purification
(PTLC, MeOH/CH2Cl, 10:90) gave the title compound (12 mg, 48%) as a
yellow oil. 'TH NMR (400 MHz, DMSO-ds) & 9.75 (s, 1H, NH), 9.28 (s, 1H,
NH), 8.65 (d, /= 9.0 Hz, 1H, ar-CH), 7.88 (d, J = 7.5 Hz, 2H, 2H-Fmoc),
7.77 (d, J= 7.0 Hz, 1H, ar- CH), 7.67 (d, J = 7.5 Hz, 2H, 2H-Fmoc), 7.45 —
7.25 (m, 4H, 4H-Fmoc), 6.82 (br s, 2H, 2ar-CH),6.24 (d, J = 3.1 Hz, 1H,
furan-CH), 6.04 (d, J = 3.1 Hz, 1H, furan-CH), 5.13 (q, J = 7.7 Hz, 1H,
NHCH), 4.42 — 4.12 (m, 3H, Fmoc-CH2 + Fmoc-CH), 3.33 (s, 4H + H>O,
2CHy), 2.89 (br s, 3H, CH3), 2.25 (s, 3H, furan-CH3), 2.04 — 1.76 (m, 2H,
CH2CH3), 1.23 (s, 1H, NH), 0.91 (t, J = 7.3 Hz, 3H, CH2CH3) (OH not
observed);'> C NMR (101 MHz, DMSO-ds) 8 183.5 (C squaramide), 181.1 (C
squaramide), 170.7 (C squaramide), 168.7 (C squaramide), 163.7 (C=0),
152.9 (furan-C), 151.6 (furan-C), 143.0 (ar-C), 139.8 (ar-C), 137.9 (ar-C),
130.6 (ar-C), 129.4 (ar-C), 127.7 (ar-C), 124.6 (ar-C), 123.4 (ar-C), 121.8
(ar-C), 120.5 (ar-C), 115.7 (ar-C), 110.2 (ar-C), 107.7 (furan-CH), 106.8
(furan-CH), 53.1 (CH2), 50.2 (CHz2 or CH), 36.7 (CHz or CH), 34.0 (CH3),
29.5 (CH2 or CH), 27.5 (CH2CH3), 13.8 (furan-CH3), 10.7 (CH2CH3) (C=0
and CH not observed); LC/MS m/z calculated for C37H3sN4sNaO7; [M+Na]":
671.2, found 671.2, tr = 3.06 min; [a]**> *“p = + 266 (0.3; MeOH).
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(9H-Fluoren-9-yl)methyl(R)-(2-((2-(2-hydroxy-3-((2-((1-(5-methylfuran-
2-yl)propyl)amino)-3,4-dioxocyclobut-1-en-1-
yl)amino)benzamido)ethyl)amino)-2-oxoethyl)carbamate (61c). The title
compound was synthesized following general procedure 1 using (9H-fluoren-
9-yl)methyl (2-((2-(3-((2-ethoxy-3,4-dioxocyclobut-1-en-1-yl)amino)-2-
hydroxybenzamido)ethyl)amino)-2-oxoethyl)carbamate (60c) (24 mg, 0.04
mmol). Purification (PTLC, MeOH/CH:Cl,, 4:96) gave the title compound
(11 mg, 40%) as a yellow oil. 'H NMR (400 MHz, DMSO-ds) 5 13.88 (s, 1H,
OH), 9.35 (s, 1H, ar-NH), 9.04 (s, 1H, ar-(C=O)NH), 8.70 (d, /=9.0 Hz, 1H,
NH), 8.04 (t, J=5.7 Hz, 1H, NH), 7.98 (d, J = 8.0 Hz, 1H, NH), 7.89 (d, J =
7.5 Hz, 2H, 2H-Fmoc), 7.70 (d, J = 7.5 Hz, 2H, 2H-Fmoc), 7.59 — 7.46 (m,
2H, 2ar-CH), 7.41 (t, J = 7.4 Hz, 2H, 2H-Fmoc), 7.32 (td, J = 7.4, 1.2 Hz,
2H, 2H-Fmoc), 6.84 (s, 1H, ar-CH), 6.26 (d, /= 3.1 Hz, 1H, furan-CH), 6.05
(dd, J=3.1, 1.2 Hz, 1H, furan-CH), 5.13 (q, J = 7.8 Hz, 1H, NHCH), 4.29 —
4.14 (m, 3H, Fmoc-CH; + Fmoc-CH), 3.60 (d, /= 6.0 Hz, 2H, CH>), 3.36 (t,
J=15.9Hz, 2H, CH.), 3.29 (d, J = 6.4 Hz, 2H, CH3), 2.26 (d, /= 1.0 Hz, 3H,
furan-CH3), 2.01 — 1.79 (m, 2H, CH2CH3), 0.92 (t, /= 7.3 Hz, 3H, CH.CH3);
3C NMR (101 MHz, DMSO-ds) 8 180.6 (C squaramide), 170.5 (C
squaramide), 169.9 (C squaramide), 169.0 (C squaramide), 163.6 (C=0O or
ar-C), 156.9 (ar-C), 152.5 (furan-C), 151.8 (furan-C), 144.3 (ar-C), 141.1
(ar-C), 128.1 (ar-C), 127.5 (ar-C), 125.7 (ar-C), 120.5 (ar-C), 108.0 (furan-
CH), 106.9 (furan-CH), 66.1 (CH2), 53.3 (CH2), 47.0 (CHz or CH), 44.0
(CHz or CH), 38.4 (CHz or CH), 27.6 (CH2CH3), 13.8 (furan-CHs), 10.7
(CH2CH3) (ar-C, C=0 and CH not observed); LC/MS m/z calculated for
C33H37NsNaOg [M+Na]*: 714.2, found 714.2 , tr = 1.94 min; HRMS (TOF
ES™) calculated for Cs3sH37NsNaOg [M+Na]": 714.2534, found 714.2519;
[a]****“p=+100 (0.2; MeOH).
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(9H-Fluoren-9-yl)methyl(R)-(2-((2-(2-hydroxy-N-methyl-3-((2-((1-(5-
methylfuran-2-yl)propyl)amino)-3,4-dioxocyclobut-1-en-1-
yl)amino)benzamido)ethyl)amino)-2-oxoethyl)carbamate (61d). The title
compound was synthesized following general procedure 1 using (9H-fluoren-
9-yl)methyl(2-((2-(3-((2-ethoxy-3,4-dioxocyclobut-1-en-1-yl)amino)-2-
hydroxy-N-methylbenzamido)ethyl)amino)-2-oxoethyl)carbamate (60d) (7
mg, 0,01 mmol). Purification by flash column chromatography
(MeOH/CHCl, 3:97) gave the title compound (7 mg, 90%) as a yellow oil
(purity 95%). 'H NMR (400 MHz, DMSO-ds) 6 9.74 (s, 1H, NH), 9.29 (s,
1H, NH), 8.67 (d, /= 9.0 Hz, 1H, NH), 7.89 (d, /= 7.5 Hz, 2H, 2H-Fmoc),
7.78 (d,J=7.9 Hz, IH, NH), 7.70 (d, J= 7.5 Hz, 2H, 2H-Fmoc), 7.61 — 7.47
(m, 1H, ar-CH), 7.41 (t,J= 7.4 Hz, 2H, 2H-Fmoc), 7.36 — 7.25 (m, 2H, 2H-
Fmoc), 6.84 (s, 2H, 2ar-CH), 6.24 (d, /= 3.1 Hz, 1H, furan-CH), 6.03 (d, /=
3.3 Hz, 1H, furan-CH), 5.13 (q, /= 7.7 Hz, 1H, NHCH), 4.27 (d, /= 7.0 Hz,
2H, Fmoc-CH3), 4.24 — 4.15 (m, 1H, Fmoc-CH), 3.56 (s, 2H, CHz), 2.92 (s,
2H, CH»), 2.25 (s, 3H, furan-CH3), 1.99 — 1.77 (m, 2H, CH2CH3), 1.23 (s,
3H, CH3), 0.90 (q, J = 8.2 Hz, 3H, CH>CH3) (CH3, under H>O peak, OH not
observed); 3C NMR (101 MHz, DMSO-ds) 6 3C NMR (101 MHz, DMSO)
0 180.4 (C squaramide), 177.5 (C squaramide), 169.0 (C squaramide), 163.9
(C=0), 161.2 (C=0 or ar-C), 156.9 (ar-C), 152.6 (furan-C), 151.8 (furan-C),
144.3 (ar-C), 141.1 (ar-C), 128.1 (ar-C), 127.5 (ar-C), 125.7 (ar-C), 120.5
(ar-C), 108.0 (furan-CH), 106.9 (furan-CH), 66.1 (CH>), 56.3 (CH; or CH),
53.2 (CHz), 47.1 (CH2 or CH), 29.4 (CH:z or CH), 27.6 (CH2CH3), 13.8
(furan-CH3), 10.7 (CH2CH3) (C squaramide, ar-C, CH, CH3 not observed);
LC/MS m/z calculated for C3oH39NsNaOg [M+Na]": 728.2, found 728.1, tr =
2.90 min; [a]**> *“p = +266 (0.03; MeOH).
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(9H-Fluoren-9-yl)methyl(R)-(3-((2-(2-hydroxy-3-((2-((1-(5-methylfuran-
2-yl)propyl)amino)-3,4-dioxocyclobut-1-en-1-
yl)amino)benzamido)ethyl)amino)-3-oxopropyl)carbamate (61e). The
title compound was synthesized following general procedure 1 using (9H-
Fluoren-9-yl)methyl (3-((2-(3-((2-ethoxy-3,4-dioxocyclobut-1-en-1-
yl)amino)-2-hydroxybenzamido)ethyl)amino)-3-oxopropyl)carbamate (60e)
(40 mg, 0,065 mmol). Purification by flash column chromatography
(MeOH/CHCl,, 3:97) gave the title compound (11 mg, 24%) as a yellow oil
(purity 95%). 'H NMR (400 MHz, DMSO-ds) 8 13.91 (s, 1H, OH), 9.34 (s,
1H, NH), 9.05 (t, /= 5.5 Hz, 1H, NH), 8.69 (d, J=9.0 Hz, 1H, NH), 8.06 (t,
J=5.8 Hz, 1H, NH), 8.02 — 7.94 (m, 1H, NH), 7.88 (d, J = 7.5 Hz, 2H, 2H-
Fmoc), 7.67 (d,J=7.7 Hz, 2H, 2H-Fmoc), 7.54 — 7.47 (m, 2H, 2ar-CH), 7.43
—7.36 (m, 2H, 2H-Fmoc), 7.35 - 7.26 (m, 2H, 2H-Fmoc), 6.87 (t, /= 8.0 Hz,
1H, ar-CH), 6.26 (d, J = 3.1 Hz, 1H, furan-CH), 6.05 (dd, J = 3.1, 1.2 Hz,
1H, furan-CH), 5.13 (q, J = 7.9 Hz, 1H, NHCH), 4.36 — 4.07 (m, 3H, Fmoc-
CH; + Fmoc-CH), 3.46 — 3.12 (m, 6H + H>O, 3 CH3), 2.26 (m, 5H, CHx+
furan-CHs), 2.03 — 1.75 (m, 2H, CH2CH3), 0.92 (t, /= 7.3 Hz, 3H, CH>CH3);
3C NMR (101 MHz, DMSO-ds) 8 184.5 (C squaramide), 180.6 (C
squaramide), 171.0 (C squaramide), 170.5 (C squaramide), 169.0 (C=0),
163.6 (C=0), 156.5 (C=0), 152.5 (furan-C), 151.8 (furan-C), 144.3 (ar-C),
141.1 (ar-C), 128.4 (ar-C), 128.0 (ar-C), 127.5 (ar-C), 125.6 (ar-C), 124.8
(ar-C), 123.5 (ar-C), 120.5 (ar-C), 118.5 (ar-C), 114.3 (ar-C), 110.1 (ar-C),
108.0 (furan-CH), 106.9 (furan-CH), 65.8 (CHz), 53.3(CH»), 47.1 (CHz or
CH), 38.3 (CH; or CH), 37.5 (CHz or CH), 36.2 (CHz or CH), 27.6
(CH2CH3), 13.8 (furan-CH3), 10.7 (CH>CH3) (CH not observed); LC/MS m/z
calculated for C3oH39NsNaOg [M+Na]™: 728.2, found 728.2, tr = 2.94 min;
[a]?*3 “Cp=+300 (0.03; MeOH).
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(9H-Fluoren-9-yl)methyl(R)-(3-((2-(2-hydroxy-N-methyl-3-((2-((1-(5-
methylfuran-2-yl)propyl)amino)-3,4-dioxocyclobut-1-en-1-
yl)amino)benzamido)ethyl)amino)-3-oxopropyl)carbamate (61f). The
title compound was synthesized following general procedure 1 using (9H-
fluoren-9-yl)methyl(3-((2-(3-((2-ethoxy-3,4-dioxocyclobut-1-en-1-
yl)amino)-2-hydroxy-N-methylbenzamido)ethyl)amino)-3-
oxopropyl)carbamate (60f) (17 mg, 0,027 mmol). Purification by flash
column chromatography (MeOH/CH>Cl,, 3:97) gave the title compound (5
mg, 26%) as a yellow oil (purity 95%). 'H NMR (400 MHz, DMSO-ds) &
9.76 (s, 1H, NH), 9.29 (s, 1H, NH), 8.67 (d, /= 9.0 Hz, 1H, NH), 7.88 (d, J
= 7.5 Hz, 2H, 2H-Fmoc), 7.79 (d, J = 8.4 Hz, 1H), 7.66 (d, J = 7.5 Hz, 2H,
2H-Fmoc), 7.40 (td, J= 7.5, 1.1 Hz, 2H, 2H-Fmoc), 7.35 — 7.23 (m, 3H, 2H-
Fmoc + ar-CH), 6.84 (s, 2H, 2ar-CH), 6.25 (d, J = 3.1 Hz, 1H, furan-CH),
6.13 —5.92 (m, 1H, furan-CH), 5.14 (q, /= 7.7 Hz, 1H, NHCH), 4.32 — 4.12
(m, 3H, Fmoc-CH; + Fmoc-CH), 3.17 (br s, 4H, 2CH2), 2.92 (s, 4H, 2CHa>),
2.25 (s, 3H, furan-CH3), 2.02 — 1.77 (m, 2H, CH2CH3), 1.23 (s, 1H, NH),
0.91 (t,J = 7.3 Hz, 3H, CH,CH3) (OH not observed); *C NMR (101 MHz,
DMSO-ds) & 184.3 (C squaramide), 180.7 (C squaramide), 169.0 (C
squaramide), 163.9 (C=0), 156.4 (C=0), 152.5 (furan-C), 151.8 (furan-C),
144.3 (ar-C), 141.1 (ar-C), 129.2 (ar-C), 128.0 (ar-C), 127.5 (ar-C), 125.6
(ar-C), 122.6 (ar-C), 120.5 (ar-C), 117.7 (ar-C), 108.0 (furan-CH), 106.9
(furan-CH), 65.8 (CH>), 53.2 (CH), 47.1 (CHz or CH), 37.4 (CHz or CH),
36.1 (CHzor CH), 29.4 (CHz or CH), 27.6 (CH2CH3), 13.8 (furan-CH3), 10.7
(CH2CH3) (C squaramide, C=0, ar-C and CH observed); LC/MS m/z
calculated for C40H41NsNaOg [M+Na]": 742.2, found 742.1, tr = 2.87 min;
[a]?*3 “Cp =+ 300 (0.04; MeOH).
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(R,E)-N-(2-(6-(2-(4-(2-(5,5-Difluoro-7-(thiophen-2-yl)-5H-424,5)4-
dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-3-
ylvinyl)phenoxy)acetamido)hexanamido)ethyl)-2-hydroxy-3-((2-((1-(5-
methylfuran-2-yl)propyl)amino)-3,4-dioxocyclobut-1-en-1-
yl)amino)benzamide (62a). The title compound was synthesized following
general procedure 3 using (9H-fluoren-9-yl)methyl (R)-(2-(2-hydroxy-3-((2-
((1-(5-methylfuran-2-yl)propyl)amino)-3,4-dioxocyclobut-1-en-1-
yl)amino)benzamido)ethyl)carbamate (61a) (2 mg, 0.0031 mmol).
Purification (PTLC, Si, MeOH/CH2Cl, 5:95) gave the title compound (2 mg,
69%). HRMS (TOF ES") calculated for CsoHsoBF2N7NaOsS [M+Na]":
980.3394, found 980.3260.

N
H
(R,E)-N-(2-(2-(6-(2-(4-(2-(5,5-Difluoro-7-(thiophen-2-yl)-5H-4)4,5)4-
dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-3-
ylvinyl)phenoxy)acetamido)hexanamido)acetamido)ethyl)-2-hydroxy-
3-((2-((1-(5-methylfuran-2-yl)propyl)amino)-3,4-dioxocyclobut-1-en-1-
yl)amino)benzamide (62¢). The title compound was synthesized following
general procedure 3 using (9H-fluoren-9-yl)methyl (R)-(2-((2-(2-hydroxy-3-
((2-((1-(5-methylfuran-2-yl)propyl)amino)-3,4-dioxocyclobut-1-en-1-
yl)amino)benzamido)ethyl)amino)-2-oxoethyl)carbamate ~ (61¢)  (2mg,
0.0029 mmol). Purification (PTLC, Si, MeOH/CH>Cl, 5:95) gave the title
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compound (2 mg, 69 %). HRMS (TOF ES") calculated for
Cs2Hs3BF2NgNaOoS [M+Na]*: 1037.3609, found 1037.3273.

(R,E)-N-(2-(2-(6-(2-(4-(2-(5,5-Difluoro-7-(thiophen-2-yl)-SH-4)4,5)4-
dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-3-
ylvinyl)phenoxy)acetamido)hexanamido)acetamido)ethyl)-2-hydroxy-
N-methyl-3-((2-((1-(5-methylfuran-2-yl)propyl)amino)-3,4-
dioxocyclobut-1-en-1-yl)amino)benzamide (62d). The title compound was
synthesized following general procedure 3 using (9H-fluoren-9-yl)methyl
(R)-(2-((2-(2-hydroxy-N-methyl-3-((2-((1-(5-methylfuran-2-
yl)propyl)amino)-3,4-dioxocyclobut-1-en-1-
yl)amino)benzamido)ethyl)amino)-2-oxoethyl)carbamate  (61d) (1.1mg,
0.0015 mmol). Purification (PTLC, Si, MeOH/CH>Cl, 5:95) gave the title
compound (0.5 mg, 34 %). HRMS (TOF ES") calculated for
Cs3HssBF2NgNaOoS [M+Na]*: 1051.3766, found 1051.3648.

(0] O
) =
H N N~
H\/\‘(H\/\N OH " H/\[;\
N o]
0 (0]
3 %

N

H
(R,E)-N-(2-(3-(6-(2-(4-(2-(5,5-Difluoro-7-(thiophen-2-yl)-SH-4)4,5)4-
dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-3-
ylvinyl)phenoxy)acetamido)hexanamido)propanamido)ethyl)-2-
hydroxy-3-((2-((1-(5-methylfuran-2-yl)propyl)amino)-3,4-

dioxocyclobut-1-en-1-yl)amino)benzamide (62¢). The title compound was
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synthesized following general procedure 3 using (9H-fluoren-9-yl)methyl
(R)-(3-((2-(2-hydroxy-3-((2-((1-(5-methylfuran-2-yl)propyl)amino)-3,4-

dioxocyclobut-1-en-1-yl)amino)benzamido)ethyl)amino)-3-

oxopropyl)carbamate (61e) (Img, 0.0014 mmol). Purification (PTLC, Si,
MeOH/CH2Cl; 5:95) gave the title compound (0.9 mg, 63 %). HRMS (TOF
ES™) calculated for Cs3HssBF2NgNaOoS [M+Na]™: 1051.3766, found
1051.3630.
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(R,E)-N-(2-(3-(6-(2-(4-(2-(5,5-Difluoro-7-(thiophen-2-yl)-SH-414,524-
dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-3-
ylvinyl)phenoxy)acetamido)hexanamido)propanamido)ethyl)-2-
hydroxy-/N-methyl-3-((2-((1-(5-methylfuran-2-yl)propyl)amino)-3,4-
dioxocyclobut-1-en-1-yl)amino)benzamide (62f). The title compound was
synthesized following general procedure 3 using (9H-fluoren-9-yl)methyl
(R)-(3-((2-(2-hydroxy-N-methyl-3-((2-((1-(5-methylfuran-2-
yl)propyl)amino)-3,4-dioxocyclobut-1-en-1-
yl)amino)benzamido)ethyl)amino)-3-oxopropyl)carbamate ~ (61f) (1mg,
0.0013 mmol). Purification (PTLC, Si, MeOH/CH,Cl, 5:95) gave the title
compound (0.5 mg, 39 %). HRMS (TOF ES") calculated for
Cs4Hs7BF2NgNaOoS [M+Na]*: 1065.3922, found 1065.3811.
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8.2 Pharmacology

8.2.1 Molecular biology, cell culture and membrane

preparation

Molecular biology constructs and cell lines were generated by Desislava
Nesheva and James Farmer (School of Life Sciences, University of
Nottingham). Human CXCR1 (GenBank: NM 000634.3) and CXCR2
(GenBank NM _001557.3) receptor cDNA sequences were amplified via
polymerase chain reaction and cloned downstream of a SNAP-tag (New
England Biolabs, Hitchin, UK). Each cDNA sequence was inserted between
EcoRI and Xhol sites, in the previously generated pcDNA3.Ineo(+)-SNAP
mammalian expression vector (Invitrogen, Paisley, UK)** containing a
Kozak sequence (GCCACC) and the 5-HT3 receptor signal sequence (amino
acids MRLCIPQVLLALFLSMLTGPGEGSRK) upstream to facilitate
membrane insertion and orientation of the extracellular SNAP tag. Addition
of either a LgBiT fragment>? or thermostable Nanoluciferase (tsNanoLuc)*>3
at the C terminus was achieved through cloning of corresponding sequences,
in frame with receptor C termini without intervening STOP codon, between
Xhol/Xbal restriction sites, generating p3.1neo-SNAP-CXCR1/2-LgBiT and
p3.1neo-SNAP-CXCR1/2-tsNanoLuc constructs. Constructs were used to
generate HEK 293 stable cell lines through transfection using lipofectamine
3000 (Invitrogen, US) in Opti-MEM media (Sigma Aldrich) with pcDNA3.1
SNAP-CXCR2-LgBit, and pcDNA3.l1zeo-B-arrestin2-SmBit (human,
GenBank NC 000017.1, as previously described®**) for NanoBiT
complementation or pcDNA3.Ineo-SNAP-CXCR1/CXCR2-tsNanoLuc
(HEK 293 SNAP-CXCR2-NanoLuc or SNAP-CXCRI1-NanoLuc) for
NanoBRET binding and imaging assays. Mixed population cell lines were
selected through G418 (0.8 mg™!) and Zeocine (200 ug ml!) resistance.

HEK 293 cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% foetal bovine serum (FBS; Sigma Aldrich)
in a humidified incubator at 37 °C and 5% CO:x in sterile polystyrene flasks
of 25, 75 or 175 ¢cm? growing surface (T25, T75 or T175). Cells passaging
was done at 70-90% confluency with a split ratio between 1:2 and 1:30. The
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media DMEM/10% FCS was aspirated and cells were washed with sterile
phosphate buffer saline (PBS) which was then aspirated. Sterile trypsin
solution (0.5 mL, 1 mL, 3 mL for T25, T75 and T175 respectively) was added
to the flask and incubated at 37 °C for 5 minutes prior to gentle physical
agitation by knocking on the flask side. Dissociated cells were then washed
off the flask with addition of 5 mL or 10 mL DMEM/10%FCS and collected
in 30 mL sterile universal tube, which was subsequently centrifuged (1000 g,
5 minutes) to remove trypsin and pellet cells. The obtained pellet was
resuspended in 10 mL DMEM/10%FCS and cells were split according to the

required ratio or a sample was counted for seeding plates.

For assays, cells were seeded 24 hours in advance. 96 well white clear-
bottomed plates (655098, Greiner Bio-One) were coated with 50 uL poly-D-
lysine and incubated for 30 minutes on the day of seeding to ensure cell
adherence. Poly-D-lysine was then aspirated and wells were washed with 100
puL of DMEM/10%FCS. Cells were removed from the flask and pelleted with
centrifugation described, resuspended in 10 mL DMEM/10%FCS and a cell
resuspension sample was added to a haemocytometer for counting within the
grid (0.1 mm?). Cell count was multiplied by 10 000 to scale up to number
of cells per mL. Cell density was 32,000 per well using 100 pL seeding
volume. The following equation was used to determine volume of cell

resuspension required for seeding solution:

Number of Cells Required (per mL)x Required Seeding Volume (mlL)
Number of Counted Cells (per mL)

Volume of Cell Suspension Required (mL) =

The volume of cell resuspension required was then diluted up to seeding
solution volume with DMEM/10%FCS and seeded into poly-D-lysine coated
plates using an Eppendorf Multipipette Combitip dispenser.

For NanoBRET binding assays using membranes, cells were allowed to grow
to 90% confluency in T175c¢cm? flasks prior to membrane preparation. Cells
were washed twice with phosphate-buffered saline (PBS, Sigma-Aldrich,
Pool, UK) to remove growth medium and removed from the flask by scraping

in 10 ml PBS. Cells were pelleted by centrifugation (10 min, 2000rpm) prior
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to freezing at -80°C. For membrane homogenization (all steps at 4°C), 20 ml
wash buffer (10mM HEPES, 10mM EDTA, pH: 7.4) was added to the pellet
before disruption (8 bursts) with an Ultra-Turrax homogenizer (Ika-Werk
GmbH & Co. KG, Staufen, Germany), and centrifugation at 48 000g at 4 °C
using a Beckman Avanti J-251 Ultracentrifuge and JA-25.50 Fixed-Angle
Rotor (Beckman Coulter; CA, USA). Supernatant was removed and the pellet
was resuspended in 20 ml wash buffer and centrifuged again as above. The
final pellet was suspended in cold 10 mM HEPES with 0.1 mM EDTA (pH
7.4). Protein concentration was determined using the bicinchoninic acid assay
kit (Sigma-Aldrich, Pool, UK) using bovine serum albumin (BSA) as protein

standard, and aliquots were maintained at -80 °C until required.

8.2.2 NanoBiT complementation assays

Stable transfected HEK 293 cells co-expressing SNAP-CXCR2-LgBit and f3-
arrestin2-SmBit were seeded on white, clear bottom, poly-D-lysine coated
96-well plates (655098, Greiner Bio-One) at a density of 32,000 cells/well
and allowed to grow overnight. NanoBit assay buffer consisted of Hepes
balanced salt solution (147 mM NaCl, 24 mM KClI, 1.3 mM CaCl;, 1 mM
MgSOs4, 1 mM Na pyruvate, | mM NaHCOs, 10 mM HEPES, pH 7.4) with
0.1% BSA and 10 mM D-Glucose. Cells were washed with assay buffer to
remove growth media prior to incubation with respective ligand
concentrations (or R-navarixin (2) control) for one hour. Chosen ligands were
first diluted in DMSO to 10 mM and stored at -20°C prior to use. Ligands
were diluted in assay buffer to required concentrations (final assay
concentration range: 10 uM - 0.1 nM) prior to addition to assay plate. Post
incubation furimazine substrate (1/660 dilution in assay buffer from supplier
stocks) was added to cells and allowed to equilibrate for five minutes at 37°C.
Upon equilibration initial baseline luminescence readings were taken prior to
the addition of CXCL8 (aa28-99), either as a single 10 nM concentration or
across a range of concentrations (Stratech Scientific, Ely, UK). Luminescence
readings were continually monitored over a 60-minute timecourse every 15
minutes at 37°C post agonist addition using a BMG PHERAstar FS (BMG

Labtech). Ligand ICso values were obtained using a four-parameter logistic
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equation (Response = Control Response - (IC50"/ (IC50"+[Inhibitor]") and
run including experimental replicates in duplicate. Subsequent data was
normalized, presenting data as percentages of the 10 nM CXCLS8 response
(100%) and vehicle control (0%). ICso values were then subsequently
converted to pICso values via pICso= —Log10(ICso), pooled, and expressed as
mean * standard error margin (SEM). All binding and functional data were

analyzed using PRISM 9.0 (GraphPad Software, San Diego).

8.2.3 NanoBRET fluorescent ligand binding assays in

membranes and Kinetics

NanoBRET endpoint binding assays were carried out in OptiPlate-384 white
well microplates (product number: 6007290, PerkinElmer LAS Ltd, UK) and
used 25mM HEPES, 1% DMSO, 0.1mg/ml Saponin, 0.02 % Pluronic acid
Fi27, ImM MgCl> and 0.1% BSA (pH 7.4). Both saturation and competition
assays employed lug/well HEK 293 SNAP-CXCR2-NanoLuc or SNAP-
CXCR1-NanoLuc cell membranes for characterization of fluorescent ligand
binding and employed 100 nM or 10uM R-navarixin (2) to define non-
specific binding (NSB). For saturation binding experiments, used to
determine fluorescent ligand affinity, membranes were incubated with
increasing concentrations of fluorescent ligand (8 - 1000 nM dilution range
in assay buffer) in assays buffer with or without unlabelled R-navarixin (2) to
define NSB, in the additional presence or absence of 10 nM CXCL823.99
(Final assay volume, 40 uL). Membranes were incubated with furimazine at
a 1/660 dilution for five minutes prior to addition to assay plate, allowing for
equilibration of luminescence output. NanoBRET was monitored every 15
seconds for 60 minutes at 37°C measuring Nanoluciferase output (450nm)
and BODIPY 630-650 output (630nm), generating a BRET ratio
(630nm/450nm), using a BMG PHERAstar FS (BMG Labtech). Collected
data was converted to Specific binding measurements through subtraction of

NSB BRET ratios from the total binding data, and analyzed by endpoint
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saturation analysis, allowing determination of ligand dissociation constant

(Kp) assuming a one site model through:

[Tracer]
[Tracer] + K,

Specific binding = Bmax

Additionally, specific binding association time-course traces for 62a (defined
as total binding — NSB) were fitted to a one site association model. Global
fitting of this model across multiple fluorescent ligand concentrations from
the same experiment enabled estimation of ligand association (kon) and
dissociation rate constants (kof), together with the kinetically derived Kp
(=koti’kon) using the equations:

Bound = Bpgtequ- (1 — e Fobst)

Where, the Bplateau 1s the equilibrium level of tracer binding, and the observed
association rate constant kops is related to the binding rate constants for tracer

in a single site model by:
kops = [Fl —ligand]. kon + koff

For competition binding assays, HEK 293 SNAP-CXCRI1/CXCR2-
tsNanoLuc cell membranes were incubated with 100 nM fluorescent ligand
(approximately Kp concentration), ranging concentrations of unlabeled
ligands or NSB/vehicle controls, and 1/660 furimazine (final assay volume,
30 puL). Membranes were added to assay plate, post five-minute incubation
with furimazine, by online injection using the BMG PHER Astar FS injector.
NanoBRET measurements were taken over three hours at 37°C for endpoint
assays.

For competition kinetic analysis, Hank’s balanced salt solution (136 mM
NaCl, 5.1 mM KCl, 0.44 mM KH2PO4, 4.17 mM NaHCO3, 0.34 mM
Na2HPO4, 1% DMSO, 0.1mg/mL Saponin, 0.02% Pluronic acid F127, 0.1%
bovine serum albumin (BSA) and 20mM HEPES, pH 7.4, supplemented with
100uM Gpp(NH)p) was employed as assay buffer and measurements were

taken every 0.93 minutes over a 2-hour time period. Data was normalized
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using NSB to define 0% and vehicle controls to define 100% binding and was
fit to a three-parameter logistic equation, assuming unit Hill slope to

determine unlabeled ligand 1Cso estimates using:

ICs
[Ligand] + ICs,

Specific Binding = Basal + Total Specific Binding.

ICso values were further converted to competing ligand dissociation constants

(Kj) values using the Cheng-Prusoff correction:

ICsq

[FL]
1+
KFL

Ki:

Where Krr and [FL] represent the fluorescent ligand dissociation constant

and concentration respectively.

Competition kinetic data were fitted to a competition kinetic model
describing the binding of tracer as a function of time (first derived by
Motulsky and Mahan in 1984). This model generates competition association
curves to multiple unlabelled compounds with varied association and

dissociation rate constants according to:

Fluorescent Tracer

B Ko and Ky

K

1

+
L+R 2LR

k
AN
AR
Competing Ligand
ko, and k¢

Where L = fluorescente probe, B = competing ligand, R = receptor.
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KA = kl[L] + kz
KB = k3[1] + k4_

S =J((Ka—Kp)? + 4 ky - ky - [L]-[1]-10718)
Kr =05 (K4 +Kg +5)
K, =05-(K,+ Kz —S)
DIFF = K — K;

Bax - K1 - [L]- 1077
DIFF

Q:

Y— <k4'D1FF k4_FF

k,—K
4 N
KF : Ks KF

KS

. exp(_KF'X) — . exp(_Ks'X))

where X = time (minutes), Y = Specific binding, ki = kon tracer (molar!
minute™!) , ko = kogr tracer (minute™!), [L] = tracer ligand concentration (nM)
and [I] = unlabelled ligand concentration (nM).

Association kinetics experiments for the tracer were performed on the same
day, which derived probe kon and kofr separately. These values were then fixed
(I.e. ki1, ko) when globally fitting the Motulsky Mahan model to sets of
competition association curves for each unlabelled ligand in Graphpad Prism.
This allowed derivation of unlabelled ligand association (ks) and dissociation

(k4) rate constants.

8.2.4 NanoBRET fluorescent ligand binding assays in whole

cells

Cellular based binding assays were carried out in white, clear bottom, 96-well
Greiner plates (655098, Greiner Bio-One, Stonehouse, UK). HEK 293
SNAP-CXCR2-NanoLuc cells were seeded at 32,000 cells/well and assay
buffer was Hepes balanced salt solution (147 mM NaCl, 5 mM KCI, 1.3 mM
CaCl, 1 mM MgSOs4, 1 mM Na pyruvate, | mM NaHCOs3, 10 mM HEPES,
pH 7.4) with 0.1% BSA and 10mM D-Glucose. Growth medium was
removed 24 hours after seeding and cells were washed with assay buffer prior
to the addition of 20 pl assay buffer per well. Where appropriate, 10 puL
vehicle or 10 uM (R)-navarixin (2) (in assay buffer) was added to wells,
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defining total and NSB, and cells were incubated for 30 minutes at 37°C to
ensure sufficient binding of the NSB ligand. Chosen fluorescent ligands were
diluted in assay buffer to required concentrations (78 nM - 10 uM) and 10 uL
added to the assay plate post 30-minute incubation. The plate was then
incubated at 37°C for one hour before addition of 1/240 furimazine solution
(10 uL per well). Luciferase substrate was allowed to equilibrate for five
minutes before measurement of NanoBRET signal using BMG PHERAstar
(as per previously described membrane binding assays) with measurements
taken every hour over a three-hour period. Fluorescent ligand affinity was
derived using saturation analysis as previously described for membrane

binding experiments.

8.2.5 Direct imaging of fluorescent ligand binding in the HEK
293 SNAP-CXCR2-tsNanoLuc cell line

HEK 293 cells expressing SNAP-CXCR2-tsNanoLuc were seeded on black,
clear bottom, poly-D-lysine coated 96-well plates (Greiner 655097) at a
density of 30,000 cells/well and allowed to grow overnight. Post incubation,
growth media was replaced with Hepes balances salt solution supplemented
with 0.1% BSA (HBSS +0.1% BSA), 0.1uM SNAP-surface AF488, 2 pg/mL
Hoechst 33342 nuclear stain (H33342) and either HBSS + 0.1% BSA or 10
UM (R)-navarixin (2). The assay plate was incubated for 30 minutes at 37°C
prior to addition of 1uM compound 62a to each well and allowed to
equilibrate for 10 minutes before imaging. The maximal concentration of 62a
was employed and equilibration time was chosen from kinetics data in
membranes showing equilibrium is reached after 10 minutes. A Zeiss
Celldiscoverer 7 microscope was employed to image cells, imaging one site
per well using a 20x/0.95 objective and corresponding laser excitatory
wavelengths (SNAP-surface AF488: 493nm, BODIPY-630/650: 646nm,
H33342: 348nm).
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8.3 Molecular Modelling

The Basic Local Alignment Search Tool (BLAST) search was performed
with the tool present in the Protein Data Bank (PDB) website. The crystal
structures used were retrieved from the Protein Data Bank.
Homology models were built using SWISS MODEL and Prime (Schrédinger
software suite release 2023-1, Schrodinger, LLC, New York, NY, 2021) and
refined using Maestro (Schrodinger software suite release 2020-3 and 2023-
1) and the Prime loop refinement module. Docking was carried out using tools
from Schrodinger software suite release 2023-1. The structures of the ligands
were imported in Maestro in a MOL file format generated from ChemDraw
(PerkinElmer Informatics release 19.1) and prepared with LigPrep retaining
their specific chirality. The generated homology models and crystal structures
were imported and prepared with Maestro’s protein preparation wizard,
including water removal, H-bonding optimization using PROPKA at pH =7
and energy minimization using OPLS3 force field. Grids were produced using
Glide selecting Ala249%33 or Glu249%33 and Lys32034 as the centroid of the
grid and Lys320%% hydrogen bonding as a constraint. The docking was
performed both without constraints and with the selected constraint. For each
ligand 100 poses were minimized post docking and a maximum of 20 poses
per output. Default settings were used unless otherwise stated. For all the
ligands the highest docking scoring pose was selected. Images were generated
using PyMol (The PyMOL Molecular Graphics System, Version 2.0
Schrédinger, LLC). Molecular dynamics simulations were performed using
AMBER 20.° Molecular models for 56a and 56b were built and
parameterized using antechamber (gaff2 forcefield) and immersed in a ¢ 43A3
box of DMSO.¥¢ After energy minimization, molecular dynamics
simulations were run for a total of 10.3 nanoseconds in the NPT ensemble
(Langevin dynamics with a collision frequency of 5 ps-1, temperature
regulated to 300K, pressure regulated with a Berendsen barostat, relaxation
time 2ps, SHAKE applied to all bonds, long range electrostatic interactions
evaluated using the PME method with a real-space cutoff of 8A). Discarding
the first 300ps as equilibration, analysis of the torsion angle and H-bonding

data confirmed the simulations were well converged. Simulation analysis was
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performed in Jupyter notebooks using tools from the MDTraj Python

packagem >’
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