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Abstract

Isaksson, R. 2019. Ligands of the Angiotensin II Type 2 Receptor. Exploring structure and
function of the AT,R ligand C38. Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Pharmacy 269. 74 pp. Uppsala: Acta Universitatis Upsaliensis.

ISBN 978-91-513-0630-8.

The renin-angiotensin-aldosterone-system (RAAS) control blood-pressure regulation, exerted
by the main effector peptide angiotensin II (Angll) binding the angiotensin II type 1 receptor
(AT R). While hypertension is the most known disease caused by over-activity in RAAS, several
proteins in the system exhibit protective functions.

One of these protective proteins is the GPCR angiotensin II type 2 receptor (AT,R). After
decades of research its biological role remain to be fully elucidated, exemplified by the two
AT,R ligands currently in clinical trials; agonist C21 for treatment of idiopathic pulmonary
fibrosis, and antagonist EMA401 for treatment of peripheral neuropathic pain. Making a
minor structural change in C21 shifted the pharmacological profile, generating the regioisomer
antagonist C38. The renewed interest in AT,R antagonists as potential drugs to treat neuropathic
pain make continued studies of antagonist C38 highly interesting.

The aim of this thesis was to continue exploring the structure-activity relationship of
antagonist C38 by investigating three chemical motifs to identify compounds with better drug-
like properties. Developing a new chemical method, transesterification of sulfonyl carbamates,
allowed quick modification of one of the motifs. Reducing the length of the sulfonyl carbamate
chain significantly increased metabolic stability in liver microsomes without losing affinity for
AT,R. Using a model substrate, the transesterification reaction was applied in a microwave
heated continuous-flow system.

Adding small substituents to the central phenyl ring generated a second library of ligands with
retained affinity, but with no observed increase in metabolic stability. Docking studies with this
library and a recently presented crystal structure of AT,R, resulted in a proposed binding mode of
C38. Replacing the imidazole head group with bicyclic amides slightly improved affinity. While
metabolic stability improved compared to previously published amide analogs, the bicyclic
ligands were inferior to C38. Developing an assay based on RAW264.7 macrophages allowed
a new evaluation of the functional activity exhibited by C38. In contrast to previous research,
C21 and C38 both display agonistic functional activity in the macrophage assay.

In summary, the work presented in this thesis expand the structure-activity relationship of
C38 and its pharmacological profile. Two new ligands were identified that could serve as tools
in murine models of neuropathic pain.
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eNOS Endothelial nitric oxide synthase
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Introduction

Medicinal chemistry is an integral part of modern drug discovery and
development. Simplified, the process is often outlined as linear (Figure 1)
although, in reality developing pharmaceutical agents frequently constitute
several iterative, connected processes. In the early days of drug discovery,
chemistry was often considered the key discipline, and synthesized agents
formed the starting point for many research projects. During the past decades,
drug discovery has increasingly started with efforts to understand the
biological cause of a disease. After identifying the potential biological target,
the work of evaluating and synthesizing possible ligands binding that target
commence. In the interdisciplinary field of medicinal chemistry, available
biological data is used to drive the design and synthesis of compound libraries
that eventually (and hopefully) result in a candidate drug.'

Drug discovery and development is costly and time consuming. A recent
report by DiMasi et al. estimate the total cost of developing a drug from bench
to market has increased to $2.6 billion.> As the drug discovery and
development process proceeds, a large number of starting compounds
(5 000-10 000) decrease to only a few lead compounds, and eventually one
candidate drug is selected (Figure 1). The clinical trials are the most costly
part of the drug discovery process and are also associated with the highest
attrition rate.'™

Development

Discovery
Target Target Lead Lead
selection validation identification optimization
Lead Candidate Market
compounds drug approval

Increasing cost

_ Decreasing number of compounds

Figure 1. Overview of the drug discovery and development process, adopted from
Rang and Hill 2013.!
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A vast majority of marketed pharmaceutical agents act on human targets,
while drugs acting on infecting organisms or other miscellaneous agents
(vitamins, inorganic salts, plasma substitutes and similar) make up only about
a fourth of all therapeutic drugs.! The large majority of druggable biological
targets are membrane bound proteins such as receptors, enzymes, ion
channels, or transport proteins. There are also intracellular targets however,
due to their challenging location only a smaller portion of marketed drugs
interacts with such targets.

G-Protein Coupled Receptors

G-protein coupled receptors (GPCR) are one of the largest families of proteins
in the mammalian genome and are fundamental in physiological function.
Signal transduction is mediated when the membrane-bound GPCRs interact
with hormones, peptides, neurotransmitters, and other extracellular cues, an
interaction that cause intracellular responses. The receptors have been
extensively studied due to their druggable extracellular sites, and their
involvement in pathophysiology. Recent estimates indicate a third of all
currently marketed drugs interact with a GPCR.® A GPCR consist of seven
membrane-spanning helices, and interact with a G-protein in the intracellular
domain. The vertebra GPCRs are commonly divided into five families
according to the GRAFS classification: glutamate, rhodopsin, adhesion,
fizzled/taste 2, and secretin.” The largest family by far is the rhodopsin-
superfamily, and understandably most of the drugs targeting GPCRs act on
receptors in this family.

In the classical description, the GPCR equilibrates between active and
inactive states, and the ligands binding it will stabilize one of these states. The
agonist will stabilize an active conformation and thus, shift the equilibrium to
the fully active state (Figure 2). Partial agonists will also bind an active state
of the GPCR but will only shift the equilibrium partly, and hence exhibiting a
lower activation of the GPCR as opposed to full agonists. An inverse agonist
will stabilize an inactive state, shifting the equilibrium to the inactive side and
lowering the basal activity of the GPCR. Neutral antagonists will
competitively inhibit the agonist action without affecting the equilibrium and
thus, prevent the active state while not altering the basal activity.* Both
inverse agonist and partial agonist present as useful in drug discovery. If an
inverse agonist shift the equilibrium of active and inactive states, which an
antagonist do not, an inverse agonist should be able to reverse the
pathophysiological activation causing a disease. A partial agonist can act as
competitive antagonist but rather than blocking the receptor’s signaling, the
ligand will normalize the signal transduction.

Evidence of other more complex GPCR behavior has expanded the
presented model. GPCRs do not only interact with G-proteins in signal
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transduction, and biased activation can shift which intracellular pathway is
activated. Further, GPCRs can internalize and partake in intracellular
activation, as well as interact with other GPCRs via both homo- and
heterodimerization. In these dimeric states, a GPCR can exert a functional
activity on its partner GPCR depending on which ligand it binds.” '

Full agonist

Effect

Partial agonist

Basal activity

Antagonist

Invers agonist

Ligand concentration

Figure 2. Classical description of the effect a ligand has on GPCR signaling.

The Renin-Angiotensin-Aldosterone System

In the body, the renin-angiotensin-aldosterone system (RAAS) regulate blood
pressure and fluid electrolyte balance. There are several marketed
pharmaceutical agents, as well as candidate drugs, that target proteins in
RAAS. The discovery of the enzymatic cascade that constitutes the hormone
system RAAS begun in the 1890s when renin was first isolated from kidney
extracts.”>'* In the 1930s, scientists concluded that renin is an enzyme
catalyzing the formation of angiotensin (I).'> Two decades later the discovery
of angiotensin-converting enzyme (ACE) led to the identification of
angiotensin Il (Angll), which is the key mediator in blood-pressure
regulation.'*'®!” In RAAS, the kidneys control release of renin to the central
circulation where the enzyme catalyzes the conversion of the hepatically
derived angiotensinogen into angiotensin I (Figure 3). ACE will cleave the
two C-terminal amino acids from the inactive decapeptide, generating the
major effector peptide Angll. [f RAAS becomes over-active, the result will be
hypertension and various cardiovascular diseases (i.e. congestive heart failure,
coronary ischemia, and renal insufficiency)."*'® The hypertensive effect of
Angll was determined in the mid-1970s'*' using the Angll-analog Saralasin
(Sar' Ala®-Angll). Parallel to this, the GPCR that binds Angll and exerts the
hypertensive effect of RAAS was discovered, the angiotensin II type 1
receptor (AT R).
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Figure 3. Overview of the RAAS cascade leading to the formation of the main effector
peptide Angll, the proteins the peptide bind and their effects. The orange lines indicate
the pathways blocked by anti-hypertensive drugs on the market. The recently
discovered Ang;_;and receptor Mas pathway is also included. Adapted from Unger et
al. 2015.22

Drugs Acting on the Renin-Angiotensin-Aldosterone System

Inhibitors of the two proteases important for forming AnglI (renin and ACE)
or antagonists of AT|R are well established therapeutics (Figure 3). The first
anti-hypertensive drug reaching the market that targeted a protein in RAAS
was the ACE-inhibitor captopril in 1982.%%* In 1995, losartan was approved
for marketing and was the first drug targeting AT|R as a treatment of
hypertension.”>*® Several additional ACE-inhibitors and angiotensin-receptor
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blockers (ARBs, or sartans) have since been presented and these drugs are
extensively used to treat hypertension.

Since the discovery of the enzyme renin, it has been proposed as a target
for the treatment of hypertension. After decades of research the first, and to
date only, renin-inhibitor aliskiren was approved for the market in 2007. The
inhibition occurs early in the RAAS cascade and was proposed to provide a
broader protection against the cardiovascular effects exerted by RAAS.
Several studies have concluded that the effect of aliskiren alone is low and
hence, the drug is commonly used in combination with other anti-hypertensive
treatments.?’*

Angiotensin I Type 2 Receptor

In the late 1980s evidence emerged of a second receptor binding Angll, the
angiotensin II type 2 receptor (AT2R, Figure 3)*°, disrupting the previous
picture of the RAAS. The discovery led to extensive discussions on both the
existence and function of AT>R. The GPCR earned the epithet “enigmatic”,
relating to its constitutive action and atypical intracellular signaling
pathways.?**! The human AT>R shares 30% sequence identity with human
AT|R, both belonging to the rhodopsin y-family*>**, and in the genome AT,R
is located on the X chromosome.*

The expression of AT,R in healthy tissue is low and the receptor often
counteract the effects of AT;R. Data indicate AT;R is important in fetal
development, as the receptor is predominantly expressed in fetal tissue.**~*¢ In
adults, AT>R is mainly expressed in the uterus, adrenal gland, smooth muscle,
heart, and kidney.*”** Notably, AT:R is strongly upregulated following tissue
damage,*** such as vascular*' and neuronal injury*, brain ischemia®, and
myocardial infarction* . Studies have proposed ATR is involved in wound
healing and tissue repair’’**, mediate cell differentiation and apoptosis* ',
display bot anti-inflammatory and neuroprotective propoerties®>>°, and exert
an AT|R opposing vasodilating effect’®’.

In recent years AT:R has emerged as a promising new drug target in the
protective arm of RAAS, although the question as to whether to block or
activate the GPCR remains unanswered.”** % During the past decade, four
AT,R ligands of varied functional activity have entered clinical trials for
different indications. Mitsubishi Tanabe Pharma developed the AT2R agonist
MP-157 as a potential treatment for hypertension.®' The compound entered
phase I clinical trials but was discontinued in 2018. Lanthio Pharma has
developed another AT,R agonist, lanthipeptide MOR 107 that entered phase |
clinical trials in 2017 for the indication diabetic nephropathy and fibrosis.*
Since this, the compound has returned to preclinical investigations focused on
oncology. The Vicore Pharma AT,R agonist C21 (Figure 4), developed by the
Hallberg research group at Uppsala University in 2004, has gone through
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phase I clinical trials. The compound is currently undergoing phase II clinical
trials as a possible treatment for idiopathic pulmonary fibrosis, following
successful preclinical studies in mice.** The fourth AT,R ligand to enter
clinical trials is the antagonist EMA401 as a proposed treatment of peripheral

neuropathic pain (Figure 4).5°¢
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Figure 4. The first reported non-peptide ligand binding AT>R L-162,313, led to the
discovery of the first reported selective AT,R agonist C21.5%% Further studies
revealed the structurally related AT,R selective antagonist C38.%%70 The established
prototype antagonist PD123,319 was discovered in the mid-1990s, along with
PD126,055 (EMA400).57"-7* The S-enantiomer of the latter is EMA401 that recently
entered phase IIb clinical trials as a potential pharmaceutical agent to treat peripheral
neuropathic pain.®’
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Neuropathic Pain and the Role of AT2R

Neuropathic pain is defined as pain arising due to pathology afflicting the
somatosensory system. It is caused by lesions or disease (e.g. viruses such as
herpes or HIV, diabetes, cancer, etc.) affecting the central and/or peripheral
nervous system.”® Epidemiological research indicate the prevalence of chronic
pain with neuropathic character is 7-10% in the general population.”*’”” The
prevalence in specific patient groups is much higher; studies among diabetics
indicate 16-23 % suffer from diabetic neuropathy.”®’” Presently, neuropathic
pain is undermanaged due to the lack of efficacious pharmacological
treatment. The debilitating condition often have a large negative effect on the
quality of life, and identifying the correct treatment for patients is challenging
due to the variation in the underlying causes and symptoms.’>#*!

The heterogeneous etiology of neuropathic pain also make the underlying
mechanism difficult to elucidate. Hyperexcitability in dorsal-root ganglion
(DRG) neurons is proposed to be a key mechanism contributing to neuropathic
pain. Recent in vitro studies using both cultured cells of neuronal origin and
cultured adult rat DRG neurons indicate Angll can induce neuronal
excitability. In the same studies the AT,R antagonist EMA401 reported to
inhibit this effect.****®** This ligand is the S-enantiomer of the racemic
compound EMA400, formerly known as the Parke-Davies compound
PD126,055 (Figure 4).”'7>%5 The antagonist EMA401 was acquired by
Novartis from Spinifex Pharmaceuticals Pty Ltd, Australia in 2015.
Successful completion of phase Ila clinical trials for post-herpetic neuralgia,
validated AT2R as a target in peripheral neuropathic pain management. In
2018, the phase IIb clinical trials commenced with the indication altered to
diabetic neuropathy.®’*

Recently Discovered Proteins in RAAS

As outlined in figure 3, the AnglI-AT;R-AT,R axis is not the only known axis
in the RAAS. Since the discovery of the first anti-hypertensive drugs, the
complexity of the RAAS has increased and the protective function of RAAS
become more apparent.®® The discovery of angiotensin converting enzyme 2
(ACE2) led to the discovery of both Angi.9 and Ang;.;. ACE2 can catalyze the
formation of Angj.9 from angiotensin I, and Ang;.; from Angll. In the presence
of Angi9, ACE can also generate Ang;;. The gene encoding the receptor
binding Ang;; was described in the late 1980s, the Mas receptor.”
Erroneously, the gene Mas was first proposed to be an oncogene. However, in
2003 the link between the Mas receptor and Ang;; was disclosed and since
then, the Mas-Ang;.; axis has been recognized as an integral part of the
protective arm of RAAS, where the Mas receptor exerts similar effects to the
AT,R. 5889
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Development of AT:R Ligands C21 and C38

As previously mentioned, the clinical candidate AT,R agonist C21 was
presented in 2004% and was the first AT,R selective non-peptide agonist
ligand published. Compound C21 has made a large impact on the research
involving AT,R, and complemented the action of the established AT,R
peptide agonist CGP42112 and the prototype antagonist PD123,319. The
latter is structurally related to antagonist PD126,055 (EMA400) and was
identified at the same time (Figure 4).”"">% Using C21, it has been possible
to investigate the role of AT:R in disease development and the protective
function of the receptor. In addition, the compound has helped further the
understanding of AT,R signaling pathways.

Compound C21 is derived from the first reported non-peptide ATR
agonist, Merck compound L-162,313 presented in 1995 (Figure 4).°* L-
162,313 exhibits similar affinity for AT;R as AT,R acting as an agonist at both
receptors.”’ Selectivity for AT,R over AT|R was accomplished by replacing
the imidazo-pyridine with an imidazole, yielding C21. The structure-activity
relationship of the C21 scaffold has since been investigated, and will be
briefly summarized below, please see reference 92—94 for reviews.

In the 2004 report, Wan et al. concluded that the size of the scaffold head
group is important for AT2R selectivity. Removing the head group will result
in inactive ligands, as will moving the methylene linker which likely position
the head group unfavorably.® The sulfonyl carbamate moiety in the C21
scaffold was found to be sensitive to change, as reported by Wu et al. in
2006.” Further, the authors found the thiophene ring to be exchangeable with
a phenyl ring while maintaining selectivity and reasonable affinity.
Additionally, the isobutyl can be slightly altered, although large groups in that
position render the compounds inactive. In 2007, Murugaiah et al. briefly
explored the phenyl ring finding it could be exchanged with a furan ring
without loss of affinity for AT,R.%® Replacing the phenyl ring with pyridine
or thiophene was not favored. Several series were synthesized attempting to
identify a suitable replacement for the imidazole that can interact with and
inhibit cytochrome P450 enzymes (CYP450). Two amide series were
presented in 2007 and in both series a majority of the ligands generated
exhibited significantly reduced AT,R affinity.”® The imidazole has also been
replaced with various heterocyclic derivatives with varied results. While some
compounds were rendered inactive, several exhibited reasonable affinity in
comparison to C21.”” In a 2008 paper, Wallinder et al. investigated a third
amide series where the methylene linker was removed and thus, moved the
amides closer to the phenyl ring. This succeeded in improving affinity, while
none of the ligands were as potent as C21.%®

In 2012, Murugaiah et al. presented the antagonist C38 (Figure 4). In this
regioisomer of C21 the methylene imidazole has been shifted from the para
position relative to the thiophene, to the meta position generating compound
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C38. This minor structural change altered the pharmacological profile of the
ligand, which exhibited antagonistic properties.®° Later studies by Wallinder
et al. have suggested it is the relative position of the imidazole head group and
the isobutyl substituent on the thiophene ring that is the determinant of a
ligand’s functional activity.'” Such small changes can affect the equilibrium
between active and inactive receptor conformations, which has been noted for
other AT,R ligands.'""'%
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A1ims

With the first AT;R antagonist entering phase II clinical trials as a potential
treatment for neuropathic pain, there is a renewed interest to evaluate new
AT;R antagonists and elucidate their biological response. To better understand
the biological relevance of the building blocks that constitute the AT>R
antagonist C38, three chemical moieties were explored to identify compounds
with better drug-like properties. With knowledge gained during the initial
phases of this project the overall aim of this thesis became to broaden the
structure-activity relationship of C38, and identify compounds with superior
ADME properties and affinity for human AT>R compared to C38.

The specific aims were to:

e Investigate microwave-heated continuous-flow as a method for quick
generation of a compound library to investigate structure-activity
relationships.

e [Evaluate the importance of the sulfonyl carbamate chain in C38 for both
affinity to human AT,R and metabolic/chemical stability.

e Investigate if the phenyl ring in the C38 scaffold is a site of phase I
metabolism and if this can possibly be counteracted while improving or
retaining affinity for human AT,R.

e Explore a bicyclic amide moiety as a possible replacement of the CYP-
sensitive imidazole of C38.

In addition, the importance of knowing the functional activity of a ligand was
apparent and thus, the following specific aim was included

e Identify and evaluate an assay to investigate the functional activity of
AT;R ligands.
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Transesterification of Sulfonyl Carbamates
and the Applicability of Microwave Heated
Continuous-Flow (Paper I and II)

Background and Strategy

Sulfonyl carbamates exhibit very similar acidic properties to carboxylic
acids'®'™ making them useful as bioisosteres. There are several hundred
reported compounds containing the sulfonyl carbamate moiety with biological
activity on targets within the renin-angiotensin-aldosterone system, including
ligands for the Mas receptor, AT2R, and AT;R. A majority of the AT:R
ligands presented by our research group over the past two decades contain an
alkyl-(arylsulfonyl)-carbamate function.”>'> With the research group’s long
experience of sulfonyl carbamates, it was unexpected to find that the sulfonyl
carbamate was susceptible to alkoxyl-alkoxy transesterification while storing
an AT:;R ligand in methanol overnight (LC-MS sample). Searching the
literature revealed no previous examples of such a reaction, although Hirama
et al. reported an aryloxy-alkoxy transformation in 1984.'% An early report
noted that sulfonyl carbamates are stable under alkaline conditions, but can be
slightly susceptible to hydrolysis at elevated temperatures in neutral aqueous
solutions, as the acidic proton can act as an auto-catalyst.'™ In a previous
project in our research group, the sulfonyl carbamate had been transformed
into a sulfonylurea using a secondary alkyl amine.”

Using the discovered transesterification of sulfonyl carbamates with
alcohols could allow the generation of a broad library of sulfonyl carbamate
analogues to study the structure-activity relationship of a biologically
interesting ligand, without requiring access to the respective alkyl
chloroformates. Minimizing the use of chloroformates and replacing them
with alcohols would serve as a safer, easier, and more cost effective
alternative. Further, this transesterification could be performed in the
microwave heated continuous-flow system available in our laboratory. Hence,
convenient microwave batch conditions were established for the
transesterification of sulfonyl carbamates using methyl tosylcarbamate as a
model substrate. After this, the reaction was investigated in our microwave
heated continuous-flow system, and the applicability of the latter protocol to
biologically relevant compounds was determined.
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Microwave Heated Continuous-Flow

Microwave heating is a well-established method for small-scale organic
synthesis with numerous reaction protocols available. Microwave heating has
been useful in the synthesis of biologically interesting compounds in many
research labs and pharmaceutical companies.'””'” Replacing conventional
heating methods with devoted microwave heated laboratory instruments often
improves heating rates and reduces reaction times. Pressurized reactions can
be safely performed in the steel cavity of the microwave reactor, and both
increased yield and selectivity have been observed.'””!'%'!4 Despite the great
advantages of microwave heating, and the extensive use in early drug
discovery programs, the physical restrictions associated with microwave
heating limit the ability to scale up reactions. The penetration depth of
microwaves is only a few centimeters in most reaction systems, and the
dimensions of available standing wave cavities are limited."'*!"®

Combining microwave heating with a continuous-flow system could
overcome the issue of scalability, while making the production safer and more
efficient. Although continuous-flow processes are widely used in the
petrochemical and bulk chemical industries, their use in the pharmaceutical
industry and academia has been limited. In later years, the benefits associated
with continuous-flow have increased the interest to use it to synthesize
biologically interesting compounds, and a large number of varied organic
syntheses have been successfully performed in continuous-flow."'*'"® The
most common heating method in continuous-flow is conventional heating and
replacing this with microwave heating adds advantages in safety and
handling. 2"

The purpose-built continuous-flow system available in our laboratory uses
non-resonant microwave heating (Figure 5). This allows high process
temperatures, fast adjustment of reaction temperature, as well as improved
safety.'?¢12°31 In our setup, the reaction mixture is pumped through a
200x2 mm microwave transparent borosilicate tube reactor using an HPLC
pump. Exposing the reaction mixture to a uniformly distributed axial
microwave field allow homogenous heating. Fitting the system with a 1.0 mL
injection loop minimizes the waste of expensive reagents and intermediates;
an important element in medicinal chemistry programs. The short process time
in the system, facilitates quick optimization of reaction parameters, e.g.
solvent, temperature, reagent concentration, or molar ratio of reactants.
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Figure 5. A) Schematic view of the microwave heated continuous-flow system. The
HPLC pumps the reaction mixture through the system. In the non-resonant reaction
cavity, the microwave (MW) antenna winds around the 200x2 mm borosilicate
reactor heating the reaction mixture. A backpressure regulator (BPR) ensures a
stable pressure profile in the system. After cooling, the reaction mixture can be
collected in fractions or in batches. B) Photograph of the microwave heated
continuous-flow system.

Reaction Scope in Batch Mode

Transesterification of sulfonyl carbamates at room temperature is slow, and to
decrease reaction time we performed a temperature scan in a microwave
heated batch system. Leaving a solution of the model substrate, methyl
tosylcarbamate, in alcohol at room temperature will result in only a few
percent conversion after 24 h. To decrease the reaction time, a solution of
methyl tosylcarbamate 1 in n-butanol (0.1 M) was microwave heated in a
septum-sealed vial for 20 min at various temperatures (Table 1). Analyzing
the reaction mixtures with LC-UV/MS revealed three compounds (1, 2a, and
3). Assuming the compounds have similar UV response, the UV 254 nm peak
area percent of each detected component was compared. This revealed low
conversion to butyl carbamate product 2a when heating the mixture at 60 °C.
Increasing the temperature to 80 °C improved conversion, but 50% of the
methyl tosylcarbamate 1 remained. At 100 °C the major component on
LC-UV/MS was the butyl carbamate product 2a, isolated in 88% yield. At this
temperature, only small amounts of the starting material 1 and the by-product,
primary sulfonamide 3, were detectable. Further increasing the temperature to
120 °C did not improve the product yield (90%), but no starting material was
detectable at this temperature. As the undesired by-product 3 increased at
higher temperatures, the optimal temperature range under these conditions
was determined to be 100-120 °C.

The reaction mechanism probably follows an acid catalyzed Fisher-type
transesterification pathway. Heating methyl tosylcarbamate in a solution of
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n-butanol, acetonitrile and water (2:1:1) generated only primary sulfonamide
3. In addition, no intermediate sulfonyl isocyanate was detected in any of the
reaction mixtures. These results in combination with the reported self-
catalyzing property of the sulfonyl carbamate N-proton'®, support by-product
3 forms following hydrolysis and subsequent decomposition to the primary
sulfonamide.

Table 1. Optimizing temperature for the transesterification of sulfonyl carbamates.

tof 107
‘H o~ n-BuOH NN, “NH,
Mw H
1 2a 3

Entry TI[°C] Area (%) 1@  Area(%)2al® Area (%)3[@  Yield 2a (%)

1 60 93 7 NDU! -
2 80 53 45 ND! -
3 100 4 94 2 88
4 120 NDE! 95 5 90
5 140 NDU! 89 11 -

Reaction mixture (0.1 M), MW-heated at the indicated temperature for 20 min. [* Results
reported as peak area percent at UV 254 nm chromatogram using LC-UV/MS. [®! Isolated
yield after purification using silica gel column chromatography. [ ND = Not detectable.

Successful transesterification of the model substrate 1 with various primary,
secondary, and tertiary alcohols, generated a small library of new sulfonyl
carbamates (Figure 6). The optimal reaction conditions in microwave heating
had been set to 120 °C for 20 min based on the temperature scan. However, it
quickly became apparent that these conditions were not optimal for all tested
alcohols, resulting in formation of primary sulfonamide 3 and other
decomposition products. The reaction temperature was set to 100 °C for 20
min for aliphatic isopentyl 2b and cyclopentane 2¢, generating both products
in good yields. For chlorobutyl 2d, terminal alkyne 2e, benzyl 2f, and fert-
butyl 2g the initial reaction conditions of heating at 120 °C for 20 min worked
well and resulted in moderate to good yield of the desired products. Heating
the reaction mixture for 30 min at 100 °C gave terminal allyl 2h in good yields.
Applying the same conditions to obtain chloroethoxy-ethyl 2i gave only a
slight improvement in yield as compared to the standard conditions (64% cf.
57%). Terminal alkyne 2j displays a similar trend; heating the reaction for 60
min at 100 °C resulted in the same yield as when the reaction was performed
under standard conditions.

As the initial optimization had been established for n-butanol, other methyl
(aryl)-sulfonyl carbamates were successfully investigated in n-butanol
(Figure 6). A strongly electron donating group (methoxy 2k), and both weakly
and strongly electron withdrawing groups (bromo 21l and trifluoromethoxy
2m) gave good yields under the standard conditions. Reducing the reaction
temperature to 100 °C produced nitro compound 2n in moderate yield.
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Figure 6. Reaction scope for transesterification of sulfonyl carbamates under batch
conditions (0.1 M solutions). Isolated yields after purification using silica gel column
chromatography (>95% pure by 'H NMR). [8 MW-heating for 20 min at 100 °C.
[b] MW-heating for 20 min at 120 °C. [l MW-heating for 30 min at 100 °C. [{1 MW-
heating for 60 min at 100 °C.

Reaction Scope in a Continuous-Flow System

Evaluating the model reaction in the microwave heated continuous-flow
system revealed that higher temperatures were necessary to obtain the
products in good yields at a 1 min/mL flow rate (Table 2). Heating a solution
of methyl tosylcarbamate (0.04 M) in neat n-butanol at 120 °C and with a flow
rate of 1.0 mL/min, gave only 33% yield when analyzing the product mixture
with LC-UV/MS. This is probably due to the short residence time (38 s).
Increasing the temperature to 160 °C or 180 °C achieved full conversion and
generated butyl carbamate 2a in 98% and 95% yield respectively, without
observing decomposition or formation of primary sulfonamide. However,
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heating the reaction mixture above 180 °C resulted in reduced yields due to
an unidentified decomposition.

The short process time in the system allowed quick optimization for all
alcohols tested in neat conditions, generating high product yields for all tested
alcohols (Table 2). The microwave heated continuous-flow system reached
stable temperatures after less than 30 s with the tested reactants. Thus, the
washout period (3 min) became the limiting factor in the system making quick
optimization possible. Notably, the isobutyl 20 analogue was isolated in a
lower yield than sec-butyl 2p, 75% and 97% respectively, at the optimal
temperature 160 °C, due to decomposition. Propyl 2q and isopropyl 2r did not
display the same trend, and both were isolated in excellent yields at all tested
temperatures. Pentyl 2s and butenyl 2t decomposed slightly at the highest
temperature (200 °C) tested, but both were isolated in good yields at 160 °C.
The benzylic compound 2f and tertiary amine 2u were isolated in good yields
at 180 °C. Cyclopropyl methyl 2v was isolated in 93% yield at 160 °C; but
increasing the temperature further only resulted in decomposition of the
product.

To explore the robustness and scalability, the model reaction was scaled
out using a more concentrated reaction mixture to further increase output.
Heating methyl tosylcarbamate in n-butanol (0.1 M) at 180 °C and at a flow
rate of 1.0 mL/min (38 s res. time) for 45 min, generated 1.1 g (91%) of butyl
carbamate 2a. The increased concentration of the reaction mixture did not
limit the yield or decrease the quality of the product mixture, enabling a
productivity of 5.4 mmol/h to be obtained in our system.

Making use of a co-solvent could help minimize waste of expensive
reactants, and increase the scope of the reaction by increasing solubility.
Acetonitrile presented as a good co-solvent due to high reagent solubility, easy
handling, and low cost. The low boiling point of the solvent is associated with
high pressure, but an initial quick solvent scan in the microwave heated
continuous-flow system revealed high temperatures could be reached for
acetonitrile and no decomposition was noted. The model reaction was initially
prepared as a 0.2 M solution with 12 mol equivalents of n-butanol. The
isolated yields at 160-180 °C were moderate (47-49%, data not shown in Table
2) at the flow rate 1.0 mL/min (38 s res. time). Elevating temperatures to 180-
200 °C and reducing flow rate to 0.5 mL/min (76 s res. time) improved the
yields to 71-74% (data not shown in Table 2). Increasing the temperature
further was not possible due to the generation of high pressure and thus, the
excess of n-butanol was increased to 28 mol equivalents. This generated butyl
carbamate 2a in slightly increased yield (80-81%) at 200-220 °C. Because of
the pressure limitations in the system, the maximum yield when using
acetonitrile as co-solvent remained slightly lower compared to the neat
system. However, this was not true for all tested alcohols; iso- and fert-butanol
(28 equiv.) were reacted with methyl tosylcarbamate dissolved in acetonitrile
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(0.2 M solution), generating 20 and 2g in similar yields as in the neat system
(63% and 53%)).

Fitting the system with an injection loop saved expensive material while
maintaining yields. Although the co-solvent system worked well, the high
concentration of reagents did not save reagents to the extent needed in a
medicinal chemistry program. Hence, a stock solution of methyl
tosylcarbamate in acetonitrile (0.2 M) was prepared, with 29-49 mol
equivalents of the alcohol (Table 2). Injecting the solution into a carrier flow
of acetonitrile (1.0 mL/min, 38 s res. time) at 160 °C, gave 2a in 67% yield.
Changing the flow to 0.5 mL/min (76 s res. time) did not improve yields, and
thus the reaction temperature had to be increased. At 200 °C and 220 °C the
yields of 2a were good (81% and 72%) but still slightly reduced in comparison
to the neat conditions. Isobutyl 20, sec-butyl 2p, isopropyl 2r, and pentyl 2s
were all isolated in similar yield using the loop injection as in the neat system,
while the yield reduced slightly for propyl 2q and allyl 2t.

No measurements of the concentration profile were conducted, but we
hypothesize that the injection plug suffer from some tailing which may cause
the slight decrease in yield. The axial dispersion and the back mixing caused
by the laminar flow, in addition to the junction turbulence, will likely cause
some dispersion of the injection plug.
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Table 2. Transesterification in the microwave heated continuous-flow system.

209 209
s s R,
/©/ N 0" R,-oH /©/ N“~o
Me MW Me
1 2a, 2f-g, 20-v
Cmpd R, T [°C] Yield [%] neatl®  Yield [%] MeCN!
140 66 R
160 9glcl 6714 631l
180 95, 9111l 851d gQlel
2a YN 190-195 - 78e]
200 88 80, 8114
210 96lcl .
220 - 81, 7214
160 75 -
180 67 681!
20 j{Y 200 43 53041
220 - 63
160 97l -
2p Q\/ 180 97ke] 821l
200 86 76141
160 96lcl -
2q U 180 97l 84Ld]
200 96[c] 761
160 88 .
2r Q\ 180 83 85ldl
200 89 68l
160 88 -
2s U 180 87 80l
200 75 6914
140 59 -
160 91 -
2t B 180 89 62141
200 55 -
180 74 -
2f 7{\Ej 200 74 -
‘ 160 74 -
2u N 180 80 -
TS 200 72 ;
160 93 .
2y v 180 85 -
200 76 -

2g K 220 - 53

Yields of isolated products generated using MW-heating in the 2002 mm borosilicate
reactor, and purified by silica gel column chromatography (>95% pure by 'H NMR). 2] A
0.04 M solution of 1 in neat alcohol, flow rate 1.0 mL/min (38 s res. time). 1 A 0.2 M solution
of 1 and 28 equiv. alcohol in MeCN, flow rate 0.5 mL/min (76 s res. time). [ No column
chromatography. [ A 0.2 M solution of 1 and 29-49 equiv. alcohol in MeCN, 1.0 mL injection
in MeCN flow at rate 1 mL/min (38 s res. time). [l 1.0 mL injection, flow rate 0.5 mL/min
(76 s res. time). [fl Scale out, a 0.1 M solution of 1 and n-butanol, flow rate 1.0 mL/min (38 s
res. time), 45 min collection. (8] 1.0 mL injection, flow rate 1.5 mL/min (19 s res. time).
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Application to Biologically Relevant Compounds

The use of the microwave heated continuous-flow system to generate
biologically interesting compounds was demonstrated using the AT>R agonist
C21 to form three previously published” AT,R ligands (Table 3). A solution
of C21 dissolved in neat alcohol (0.2 M) was injected via the loop, with the
carrier solvent being the same alcohol. Without optimizing the temperature,
all reactions with C21 proceeded well, with fair yields (41-64%) at 180 °C.
The reactions did not reach full conversion and separation of C21 and 4a-c on
preparative HPLC was poor, reducing the yields. Optimizing the reaction
would likely have resulted in complete conversion and increased yields,
although the dispersion of the injection plug could still result in some loss of
material. For comparison, generating compound 4c¢ in the microwave-batch
system resulted in complete conversion and significantly increased the yield
to 82%.

Table 3. Transesterification of AT:R agonist C21.

— ,4\
r\,://\N NN
R,-OH
MwW
200 200
N80 \\ S:N a
Voo N SN s H 077
c21 4
Cmpd R, Yield [%]@ Yield [%]®!  AT:R K; [nM]¢) AT,R K; [nM]!

4a ’{ﬁ/ 41 ; 37 > 10 000
4b ZJ\ 51 ; 75 > 10 000

4c 2 64 82 10 > 10 000

Yields of isolated products generated using MW-heating in the 200x2 mm borosilicate
reactor, and purified by preparative reverse-phase HPLC (>95% pure by 'H NMR). [ A 0.2
M solution of C21 in neat alcohol was injected in a flow of the same alcohol at rate 1 mL/min
(38 s res. time), and heated at 180 °C. ! Batch MW-heating of C21 in ethanol for 20 min at
120 °C. [l For biological data see reference 95.
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Summary and Future Outlook

Transesterification of sulfonyl carbamates is a simple and quick reaction with
a broad scope and applicability in both microwave batch and continuous-flow
system. Using transesterification of sulfonyl carbamates with alcohols, instead
of reacting sulfonamides with various alkyl chloroformates, presents a cost
effective and safe alternative for expanding the structure-activity relationship
of biologically active compounds. Quick optimization of the reaction
conditions in each system generated a range of tosylcarbamates in good to
high yields. In the microwave heated continuous-flow system, reactions could
be safely run at significantly higher temperatures than the batch system,
without detecting the primary sulfonamide by-product or decomposition. The
short processing time and the possibility to run reactions at high temperatures
while maintaining safety are the key features of the microwave heated
continuous-flow system. Using an injection loop and acetonitrile as a carrier
solvent reduced use of materials and increased solubility, with only slight
reduction in yield compared to the neat system. The injection loop was useful
when generating three known AT,R ligands from the selective AT2R agonist
C21. The yield was better in the batch system, as no material was wasted.
Thus, using the transesterification in the batch system is likely better for late
stage functionalization. The short reaction time, facilitating quick
optimization, in the continuous-flow system will be more useful for
compounds with fewer reaction steps.
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Structure-Activity Investigation of C38, a
Reported AT>2R Antagonist (Papers III and IV)

Background

Evaluating the affinity to human AT,R of agonist C21 and antagonist C38
revealed retained affinity for C21 compared to pig AT.R, while the affinity
for C38 was significantly reduced (19 nM vs 270 nM, Figure 7A). The AT:R
ligands developed by our research group during previous years were evaluated
in a displacement assay employing membrane preparations from pig uterus
myometrium. This assay was no longer available in house and thus, a new
assay was identified for the compounds evaluated in this thesis. The new assay
uses displacement of the radioligand ['*I][Sar',Ile*]-angiotensin II from
human AT,R expressed in HEK-293 cells (membrane preparations).
Re-evaluating five known AT,R ligands in the new human AT,R assay
revealed that the agonist C21 exhibited similar affinity to human AT,R as it
had shown towards pig AT,R, and the amides C93 and C97 also retained
affinity (Figure 7A). The same was not true for antagonist C38, exhibiting a
14-fold reduction in affinity. Ligand C102, having previously exhibited a very
high affinity for pig AT:R, displayed a 190-fold reduction in affinity when
tested against human AT,R.

In a 2014 report, Behrends et al. discussed the affinity difference between
pig and human AT:R for peptidomimetic ligands.'** They noted a significant
drop in affinity for the peptidomimetic compounds, comparable to the reduced
affinity seen for C38 and C102. Behrends et al. hypothesized the different
tissues used in the two assays (endogenous membranes versus transfected
kidney cells) could be the cause of the reduced affinity. Species difference
may also be the cause however, the amino acid sequence is highly conserved
between pig and human AT,R (95% sequence identity)'**'**. Functional
diversity due to species difference is rare for highly conserved proteins and in
addition, the endogenous ligand Angll, compounds C21, C93, and C97 all
display comparable results in both assays (Figure 7A). Investigating why the
affinity varies for ligands between the two assays is beyond the scope of this
thesis, but could be important for future work. If the cause is due to the
variations between species, this could greatly affect moving forward with
potential drug candidates in pre-clinical studies involving animals. Moving
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forward with lead candidates would then require ensuring, and probably

optimizing, affinity towards several species.
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Figure 7. A) Known AT:R ligands. Affinity for AT:R (K;), metabolic stability in
human liver microsomes (HLM), mouse liver microsomes (MLM), and kinetic
solubility (KS) B) The three motifs explored in this thesis: the sulfonyl carbamate (1),
the phenyl ring (II), and the bicyclic amide replacing the imidazole (III).
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When evaluating the in vitro metabolic stability of C38 and C93 using human
and mouse liver microsomes, neither compound exhibited good stability
(Figure 7A). This indicates that both compounds will likely display high in
vivo clearance, which will impact the biological exposure. While the half-life
of C38 was fair in mouse microsomes (70 min), the half-life in human
microsomes was only moderate (12 min). The amide C93 had unsurprisingly
poor stability in mouse liver microsomes (5.8 min), and exhibited similar
stability as C38 in human microsomes (15 min). The kinetic solubility was
acceptable for both compounds. The purpose of the structure-activity studies
of C38 presented in this thesis was to improve affinity towards human and
metabolic stability in mouse/human liver microsomes, while retaining or
improving the kinetic solubility. My work focused on exploring three
chemical moieties: the sulfonyl carbamate, the phenyl ring, and the imidazole
ring (Figure 7B).

Synthesis and Evaluation of Sulfonyl Carbamate
Analogues (Paper I11)

Strategy

The previous studies of the C38 scaffold has not explored the sulfonyl
carbamate moiety® ' as the agonist project had found this site to be highly
sensitive to changes. In 2006, Wu et al. explored the sulfonyl carbamate chain
of the C21 scaffold using the pig uterus myometrium assay.”” Synthesizing a
small library of 12 compounds revealed few modifications were possible in
this position without observing significantly reduced affinity (25- to 190-fold
reductions). The study revolved only around the agonistic C21 scaffold and
was not applied to the antagonistic C38 structure. Combined with the newly
discovered reduced affinity of C38 in the human AT,R affinity assay,
exploring the sulfonyl carbamate for the C38 scaffold was warranted.

Using the transesterification presented in the previously chapter of this
thesis, a series of varied sulfonyl carbamate chain were synthesized. In
addition, acyl sulfonamides and sulfonylureas were evaluated as possible
replacements for the sulfonyl carbamate. The new ligands were evaluated for
affinity towards human AT,R and metabolic stability in both human and
mouse liver microsomes.

Synthetic Work

Modifying the synthetic pathway previously used in our research group
simplified the reaction and generated the key building block, the MIDA
protected boronic acid (Figure 8). Microwave assisted Negishi coupling of 5-
bromo-N-(tert-butyl)thiophene-2-sulfonamide 5 with isobutylzinc bromide
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replaced the lithiation/alkylation protocol previously used®:'*® to generate N-
(tert-butyl)-5-isobutylthiophene-2-sulfonamide 6. This reduced the
purification time as the lithiation/alkylation protocol is difficult to control and
usually results in over-alkylated by-products. The thiophene boronic acid 7
was obtained after lithiation/borylation of thiophene 6. The syrup-like boronic
acid 7 is difficult to handle and thus, was converted to the MIDA boronate 8,
which is solid and stable at ambient temperature.'*’

)\/Z”B' 1) nBuLi, B(OiPr)s

Pd(tBusP), -78°Cto0°C

o)
& (1.5 mol%) \ s THE
N —_—
\ N THF, toluene 2 HC]2 M (a
BQ/ H MW 130 °C, 15 min S ) a)
r
5 6
62%
HO. ,.OH =(\ />=0
B o 0-B~g 0
it MIDA &
1 st Toluene/DMSO \ /%
—_—
S H Reflux

MIDA boronate 8
93% yield over
2 steps (4 g scale)

Figure 8. Synthesis of key intermediate, the MIDA boronate 8.

Direct alkylation of imidazole with 3-bromobenzyl bromide 9 generated 1-(3-
bromobenzyl)-1H-imidazole 10 (Figure 9). Coupling this intermediate with
MIDA boronate 8 under Suzuki conditions produced thiophene-benzyl-
imidazole 11 in high yield.

Br Imidazole MIDA 8
DMF 100 °C \\/N PdCly(dppf) (5 mol%)
K,CO3, DME, H,0
Br

120°C,1h

9 10
74%

Figure 9. Alkylation generated the 3-bromobenzyl imidazole 10. Suzuki coupling
with MIDA boronate 8 produced thiophene-benzylimidazole 11.

Treating the fert-butyl sulfonamide 11 with trifluoroacetic acid generated the
primary sulfonamide 12 in good yield (Figure 10). This was subsequently
coupled with butyl chloroformate to give C38 in good yield.

AT,R ligand C38 was reacted with various alkyl alcohols under batch
transesterification conditions using microwave batch heating, generating 11
products in fair to good yield (26-85%) (Figure 11). As 2-methoxyethanol
requires a special permit for use and handling, the 2-methyxoethyl 13¢ was
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synthesized by coupling primary sulfonamide 12 with 2-methoxyethyl
chloroformate. When exploring the scope of the transesterification of sulfonyl
carbamates, the sterically hindered tert-butanol could be successfully reacted
with methyl tosylcarbamate. When attempting the reaction with C38 only
primary sulfonamide 12 was isolated, which might be due to the bulk of both
substrates. The tert-butyl sulfonyl carbamate 13k was instead generated in
good yield (80%) by reacting primary sulfonamide 12 with Boc anhydride.

Figure 10. Deprotection generated primary sulfonamide 12. Reacting 12 with butyl
chloroformate generated the reported antagonist C38 in good yield.

Microwave assisted aminolysis of C38 with primary or secondary alkylamines
allowed for the formation of sulfonylureas 13g and 13q (Figure 11). Reacting
primary sulfonamide 12 with either acid chlorides or anhydrides generated the
acyl-sulfonamides 13f, 130, and 13p.

R-OH N
MW 100 °C, 1 h w/
or "O=O o
R-NH-R, NSy
MW 150 °C s H N- R
30-60 min R,
13a-b, d-e, h+j, I-n,r 139, q
26-85% 18-59%
A
[
O O
N
H R
13c, f, k, o-p

Figure 11. Transesterification and aminolysis of C38 successfully generated 13 new
AT,R ligands. Reacting primary sulfonamide 12 with chloroformate, acid chlorides
or anhydrides generated an additional 5 new AT,R ligands.
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Results and Discussion

Investigating the affinity of the new AT2R ligands revealed a flat structure-
activity relationship, a majority of the ligands being equipotent to C38
(Figure 12A-C). All tested ligands retained selectivity to human AT,R over
human AT;R (data not shown). Focusing initially on the sulfonyl carbamates
showed that branching, shortening, and extending the alkyl carbamate chain
did not affect affinity to human AT,R, in contrast with previous knowledge
relating to the C21 scaffold. In addition, the trifluoromethyl 13r was
surprisingly active on AT:R, though 3-fold reduced compared to C38
(Figure 12D). In 2006, Wu et al. generated a ligand of the C21 scaffold using
the same chain, which exhibited no measurable affinity towards pig AT,R.”
While the assays used differ and do not produce fully comparable results, it is
interesting to note that a higher variability is allowed around the sulfonyl
carbamate moiety in the human AT,R assay as compared to the pig AT:R
assay.

Investigating the in vitro metabolic stability in human and mouse liver
microsomes revealed that size and lipophilicity of the side-chain are important
factors. Reducing the lipophilic chain clearly and perhaps not surprisingly
increased the metabolic stability. In general, the compounds in this first series
are less prone to undergo phase I metabolism in mouse liver microsomes
compared to human liver microsomes. The notable exception is sec-butyl 13h,
exhibiting a fair and similar stability in both assays (HLM = 43 min cf. MLM
=47 min). The best ligands generated were methyl 13a and ethyl 13b (Figure
12A). Both ligands are equipotent with C38, and exhibit good metabolic
stability in both human and mouse liver microsomes. This indicates exposure
after administration in an in vivo model will likely be good, making them both
promising for future work in murine models of neuropathic pain.

Replacing the sulfonyl carbamate with sulfonylurea did not yield any
improvement in affinity or metabolic stability. Butyl urea 13g displayed
similar properties as C38, with comparable affinity and metabolic stability in
both human and mouse liver microsomes (Figure 12B). A 10-fold reduction
in affinity was noted for diethyl urea 13q and hence, not warranting an
investigation of the metabolic stability (Figure 12D). Of the three synthesized
acyl sulfonamides, neither exhibited improved properties compared to C38.
While cyclopropane 13f was comparable to C38 in both affinity and metabolic
stability, ethyl 130 and butyl 13p were inferior due to low metabolic stability
(Figure 12B-C).
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Figure 12. Summary of the AT,R ligands generated to explore the sulfonyl carbamate
moiety of C38. The affinity for human AT,R (X), and the metabolic stability in human
liver microsomes (HLM) and mouse liver microsomes (MLM) was determined. A)
Two compounds exhibited improved metabolic stability in mouse and human
microsomes, while retaining affinity. B) Six ligands showed retained affinity and
metabolic stability. C) Eight compounds displayed similar affinity as C38, but
exhibited reduced metabolic stability. D) Two ligands were inferior to C38 regarding
both affinity and metabolic stability.
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Synthesis and Evaluation of Phenyl-Ring Derivatives
(Paper 1IV)

Strategy

During previous endeavors, the phenyl ring of the C38 and C21 scaffolds has
been sparsely explored, as early studies indicated the site was sensitive to
changes. In 2004, Wan et al. concluded that the thiophene and the phenyl ring
must be bound to each other directly without an intermediate methylene on
the C21 scaffold, as adding a methylene renders the ligands inactive.® Further
work presented by Murugaiah et al. in 2007, showed that for the C21 scaffold,
replacing the phenyl ring with a pyridine or thiophene gave inactive
compounds. However, replacing the phenyl with a furan was allowed but
resulted in a 20-fold reduction of affinity towards pig AT,R.”

The structure-activity relationship of the phenyl ring has never been
investigated for the C38 scaffold, and addition of small substituent to it has
not been explored previously for either scaffold. The phenyl ring could be a
site of phase I oxidation and with the hope of improving the metabolic
stability, adding small substituents to the phenyl ring of the C38 scaffold was
explored. Despite data from Murugaiah et al. in 2007 indicating the pyridine
was not suitable for the C21 scaffold, three ligands with pyridine instead of
phenyl were synthesized in order to investigate if this could help improve
solubility of the compounds.

Synthetic Work

To obtain the substituted benzyl- and pyridine-analogues, the synthetic
pathway outlined in the previous section was used (Figure 8-10). Direct
alkylation of 3-halo benzylbromides (14a, 14¢), or chlorination/mesylation of
the 3-bromo benzylalcohols (14b, 14d--1) followed by imidazole alkylation,
generated the substituted benzylimidazoles (15a-r, 15i-1) and pyridine-
methylene imidazoles (15f-h), Figure 13. The compounds were coupled with
MIDA boronate 8 under Suzuki conditions, as described in Figure 9.
Deprotecting the tert-butyl sulfonamides, and subsequently reacting the
obtained primary sulfonamides with butyl chloroformate generated the
products 16a-1 in low to fair yields over three steps (Figure 13). The low yields
of product 16a, 16i, 16j, and 16l (3%, 3%, 4%, and 5% respectively) may
relate to electronic and/or steric properties reducing the efficiency of the
Suzuki coupling.
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Figure 13. Synthesis of substituted benzyl- and pyridine-analogues. Direct alkylation,
or chlorination/mesylation followed by alkylation, generated the substituted
benzylimidazoles and pyridine-methylene imidazoles (15a-1). Subsequently,
following the established synthetic pathway generated 12 new AT,R ligands (16a-1).

Results and Discussion

Adding substituents to the phenyl ring or replacing it with a pyridine revealed
substituents para to the thiophene retained affinity, while substituents ortho to
the thiophene were less favorable (Figure 14A-D). Ligand selectivity for
human AT:R over human AT R was retained for all tested compounds (data
not shown). Seven compounds retained affinity for human AT>R compared to
C38, and in four of these, the substituent was added to the para position
relative to the thiophene: fluoro 16a, trifluoromethoxy 16b, bromo 16d, and
methyl 16e (Figure 14A-B). A methoxy in the same position (16l) decreased
affinity 5-fold (Figure 14D). This could relate to the lowered lipophilicity of
the methoxy (161) compared to the trifluoromethoxy moiety (16b), or possibly
to the electron-donating properties of the substituent. Introducing a fluoro
(16i) or methyl (16j) substituent in the ortho position relative to the thiophene
resulted in a 3-fold reduction of affinity, which may relate to altered electronic
properties or perhaps a steric interaction (Figure 14D). When adding a methyl
substituent in the meta position (16k) a similar reduction was observed,
however this was not seen for meta-fluoro 16¢. Replacing the phenyl ring with
a pyridine ring furnished active compounds, in contrast to previous data.”® The
meta and ortho pyridine analogues (16g, 16g) were equipotent to C38, while
the para pyridine analog 16h exhibited a slightly reduced affinity.
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Figure 14. Summary of the AT,R ligands generated to explore the phenyl ring of C38.
The affinity for human AT,R (Kj), the metabolic stability in human liver microsomes
(HLM) and mouse liver microsomes (MLM), and the kinetic solubility (KS) was
determined. A) Two compounds exhibited retained affinity, metabolic stability in
mouse and human microsomes, and kinetic solubility. B) Two ligands showed
retained affinity but the metabolic stability was reduced for 16¢ and the kinetic
solubility was reduced for 16d. C) Three compounds displayed similar affinity as
C38, but exhibited reduced metabolic stability. D) Five ligands were inferior to C38

in regards to affinity, metabolic stability, and kinetic solubility.
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Metabolic stability in human and mouse liver microsomes was not improved
by adding substituents to the phenyl ring (Figure 14A-D). As noted for the
sulfonyl carbamates, the ligands in this series were more prone to undergo
metabolism in human liver microsomes than mouse microsomes. Introduction
of a fluoro atom onto phenyl rings is a well-known strategy in medicinal
chemistry to block phase I oxidation."*®!** While affinity was retained when
adding a fluoro atom in the para or meta position (16a, 16c), the metabolic
stability was not improved in human or mouse liver microsomes for any of the
fluorinated compounds (16a, 16c, and 16i). Hence, the phenyl ring is likely
not the main site for oxidative metabolism. Unsurprisingly, methylating the
phenyl ring reduced metabolic stability as these lipophilic ligands are prone
to undergo benzylic oxidation. The para-bromo 16d exhibited a retained
stability in mouse microsomes, while the stability of para-methoxy 16l in both
human and mouse liver microsomes was reduced.

Kinetic solubility was not improved by replacing the phenyl ring with a
pyridine ring (Figure 14C-D). None of the small substituents improved
solubility however, this was not unexpected as a majority of the additions
increase lipophilicity and hence, were likely to reduce solubility
(Figure 14A-D). Of all tested compound, only para-fluoro 16a and
trifluoromethoxy 16b exhibited similar properties to C38, retaining both
affinity, metabolic stability in both human and mouse liver microsomes, as
well as kinetic solubility.

Molecular Modelling

The advances in GPCR crystallization techniques has enabled the AT»R to be
crystalized.'**”'* Using these structures, it is possible to explore the binding
cavity of AT2R. This can be used to both propose the binding mode of known
ligands and assist in the design of new ligands. The structure-activity
relationship for ligands 16a-e and 16i-k could largely be explained by the
binding mode proposed for C38 using a recently published crystal structure'*
of AT,R (Figure 15). In 2017, Zhang et al. published the crystal structure of
AT;,R binding the selective AT,R antagonist L-161,638.!33:134140

A comprehensive docking exploration using the published crystal structure
of AT,R'**, revealed a common binding pose for the ligands 16a-e and 16i-k
(Figure 15). Elucidating the binding mode revealed the sulfonyl carbamate is
anchored via salt-bridge interactions between the sulfone and arginine 182*%*
and lysine 215°**. The carbamate carbonyl forms a hydrogen bond with
threonine 125°%. The butyl substituent on the sulfonyl carbamate is located in
a cavity between the third and the fifth transmembrane helices. The isobutyl
group is placed in a deeper region of the transmembrane cavity, defined by the
residues leucine, methionine, tryptophan, and two phenylalanines. The phenyl
ring is surrounded by tryptophan 100*%° and leucine 124*?, allowing the
imidazole substituent to be accommodated within a hydrophobic cluster
composed of four tyrosines, a proline, and an isoleucine. The location of the
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phenyl ring reveals that para-substituents added to the ring (16a-b, 16d-e, 161)
are likely oriented in a cavity pointing towards the extracellular side (Figure
15A-B). The reduced affinity of meta och ortho substituents 16i-k can be
explained by a sub-optimal fit of these ligands in the site between arginine
182*%* and tryptophan 100*' (Figure 15D-F). The retained affinity for meta-
fluoro 16¢ is likely due to favorable electrostatic interactions with
arginine182*%* that ortho-fluoro 16i cannot achieve (Figure 15C).

A: Ligand 16a. C: Ligand 16¢. E: Ligand 16i.
K, =300 nM K, =120 nM K, =800 nM

B: Ligand 16e. D: Ligand 16k. F: Ligand 16j.
K, =230 nM K, =810 nM K, =800 nM

Sy -~ L 4 3 : ] g L 1 -
. , =N b ey

Figure 15. Docked ligands 16a, 16¢, 16e, 16i-k in the most common binding pose in
the modeled conformation of human AT,R.

42



Synthesis and Evaluation of Bicyclic Analogues
(Paper 1IV)

Strategy

In the final series synthesized to explore the structure-activity relationship of
C38, the CYP-sensitive imidazole was replaced by bicyclic amides. Previous
research by Wan et al. showed that the imidazole ring was important in
achieving selectivity for pig AT2R over rat AT;R.** However, the imidazole
ring is a well-established inhibitor of CYP450 enzymes, which are important
for drug metabolism.'*! Inhibiting CYP450 enzymes can be very harmful as
other drugs taken simultaneously might not be properly metabolized, resulting
in unwanted side effects and/or increased risk of toxicity."* When C21 was
tested by Mahlingam et al. in 2010 the agonist exhibited high inhibition of
CYP450 enzymes 2C9 and 3A4.'#

Murugaiah et al. replaced the CYP-liable imidazole with amides in their
2012 exploration of the C38 scaffold.*” The resulting compounds retained
affinity for AT;R and maintained selectivity over AT;R. Unfortunately, the
inherent metabolic instability of amides make them unfavorable for further
development. Evaluating amide C93 confirmed the metabolic stability in both
human and mouse liver microsomes was poor (Figure 7, p.32). Introducing
the bicyclic amide allowed the binding orientation of the amide to be
ascertained. In addition, cyclization can mitigate phase I metabolism.
Attempting to improve the metabolic stability further, the sulfonyl carbamate
chain was shortened for a majority of the compounds in the third series, as this
had proven favorable in the first series.

Synthetic Work

The general reaction pathway discussed previously (Figure 8-10) was slightly
modified to synthesize the bicyclic compounds (Figure 16). For a majority of
the ligands in the third series, the amide carbonyl was not included in the
bicycle. Acylation and mesylation yielded the isoindolines and isoquinolines
22a-j. These were subsequently coupled with MIDA boronate 8 using Suzuki
conditions. Deprotecting the fert-butyl sulfonamide and reacting the primary
sulfonamide with either butyl chloroformate or ethyl chloroformate generated
the new ligands 23a-k in moderate to good overall yield.

43



Gy Gt

17 n=1 22dn=1
18n=2 22en=2
n Acetic acid,K,CO3, n
MeCN, rt R
NH or N
)p  Cyclopropanecarbonyl )n

chloride, DIPEA, DCM, rt

—_—
or

_— - .
Br Methyl chloroformate Br 15-82% overall
DIPEA, DCM, r.t. yield A\ ,9
19n=1 or 22aljn=1 | SF—O_(O
20n=2  ysci,pDIPEA, DCM, it 22PI 2298 n=2 s HN .
NH k
N 23a-b, 23f-k

o

Br
22¢

0
23c ‘\’\
Figure 16. Synthesis of bicyclic analogues. Acylation or mesylation of isoindoline of

isoquinolines yielded the intermediated 22a-j. Following the established synthetic
pathway produced 11 new AT,R ligands (23a-k).

Three ligands incorporating the amide carbonyl in the bicycle were
synthesized (Figure 17). Reacting bromophenylacetic acid 24 with thionyl
chloride and methylamine or ethylamine generated the secondary amides
25a-b. The Pictet-Spengler condensation/cyclization using paraformaldehyde
was employed to cyclize the intermediates to form 26a-b. The reaction is
traditionally performed using polyphosphoric acid, but this was replaced with
Eaton’s reagent (7.7 wt-% P,Os in MeSO;H)."**!*> Eaton’s reagent will
activate the carbonyl carbon of the aldehyde, after which the N-alkylated
amide can attack. Alkylideneacetamide forms after dehydration, and
subsequent intramolecular electrophilic aromatic substitution generates the
lactams 26a-b. Lactam 26¢ was obtained after dimethylating 26b. Suzuki
coupling with MIDA boronate 8, deprotecting the sulfonamide, and reacting
the primary sulfonamide with ethyl chloroformate produced the new lactam
ligands 27a-c in low to fair overall yields.
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Figure 17. Synthesis of lactam analogues. After generating the secondary amides
25a-b, a Pictet-Spengler type condensation/cyclization gave the lactam intermediates
26a-b. Dimethylation of 26b gave 26¢. Reacting these intermediates according to the
established synthetic pathway produced three new AT:R ligands (27a-c).

Results and Discussion

Using the bicyclic amides, the optimal amide orientation could be ascertained
and ligands with similar affinity for human AT:R as C93 were identified
(Figure 18). The bicyclic ligands in the third series retained selectivity for
human AT,R over human AT;R (data not shown), similar to the first and
second series presented in this thesis. As outlined in Figure 18A, isoindoline
23a, and isoquinolines 23b and 23c all present with similar affinity to human
AT,R as C93. This indicates a favorable amide orientation. Isoindoline 23d
and isoquinoline 23e confirm the favorable orientation as both exhibit
significantly reduced affinity (Figure 18B). Kinetic solubility was low for the
first five bicyclic ligands investigated. The metabolic stability of these
bicyclic amides (23a-23e) was low in both human and mouse liver
microsomes and unfortunately did not exhibit any improvement compared to
the amides C93.

Having identified the optimal orientation, additional ligands were
synthesized to investigate if the amide could be extended. As the results from
the first series presented in this thesis indicate, reducing lipophilicity of the
sulfonyl carbamate chain can reduce metabolism. Hence, the butyl carbamate
chain was replaced with ethyl carbamate (Figure 18C-D). The previously
noted tolerability to changes in the sulfonyl carbamate chain did not fully
translate to the bicyclic compounds, as shortening the carbamate chain slightly
decreased the affinity for human AT,R (2-fold): 23f cf. 23b, and 23j cf. 23a.
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Figure 18. Summary of the investigated bicyclic amides and lactams binding AT,R
selectively. The affinity for human AT,R (KX), the metabolic stability in human liver
microsomes (HLM) and mouse liver microsomes (MLM), and the kinetic solubility
(KS) was determined. A) Three compounds with a butyl carbamate chain exhibited
similar affinity as C93. The kinetic solubility and metabolic stability in both mouse
and human microsomes was reduced. B) Two ligands exhibited both reduced affinity
and metabolic stability. C) Three compounds with an ethyl carbamate chain displayed
similar affinity as C93, with slightly improved metabolic stability. D) Six ligands
were inferior to C93 in regards to affinity, metabolic stability, and kinetic solubility.

Introducing a cyclopropyl function or an ester (23g, 23h) produced affinities
comparable to C93 (Figure 18C). The mesyl amide 23i and ethyl carbamate
23k both exhibited slightly reduced affinity (Figure 18D). This indicates the
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bicycles could be aligning into a part of the binding cavity that does not allow
increasing bulk of the moiety or possibly that the ring size reduction in 23k
produces an unfavorable orientation. Introducing the ethyl carbamate only
slightly improved the metabolic stability in human microsomes (23f-i), and
none of the ligands showed the same properties as C38 or 13a/13b. As
opposed to previous results, the metabolic stability was higher in human than
in mouse liver microsomes for a majority of the ligands in the third series. The
kinetic solubility remained moderate for all compounds in the third series.

Incorporating the carbonyl amide in the bicycle yielded lactams 27a-c,
which all exhibited low affinity compared to C93 (Figure 18D). Disregarding
the low affinity, the metabolic stability profiles of lactam 27a and 27¢ are
notable as the former is more stable in mouse microsomes while the latter with
higher lipophilicity is more stable in human microsomes. The kinetic
solubility was moderate to acceptable for the lactams.

Molecular Modelling

The binding mode of the compounds in the final series was not assessed in the
model used to investigate the second series, the substituted phenyl rings.
When the amides C93, C97, and C102 were first reported in 2012, a selection
of the amides presented in the publication were evaluated for functional
activity revealing both agonists and antagonists.” This indicates a complex
pharmacological relationship for ligands deviating from the imidazole head
group. Combined with the available crystal structures binding antagonists
make molecular modeling precarious. Hence, docking studies of the bicyclic
amides were suspended until their functional activity can be evaluated.

Supplementary In Vitro Pharmacology

The ICso values of two of the compounds synthesized, 16a and 23b were
assessed in an orthogonal second assay using whole cells, performed in a
different laboratory (Figure 19). The antagonist C38 and the agonist C21 were
used as reference. The AT,R agonist C21 exhibited an ICso of 1.47 nM for
human ATR in the orthogonal assay, correlating well with data obtained from
the standard assay (K; = 1.10 nM, membrane preparations). The ICso of C38
was significantly higher in this orthogonal assay compared to the pig AT2R
assay as well (ICso= 694 nM) but was comparable with the results in the
standard assay. A 3-fold improved affinity was noted for para-fluoro 16a
compared to C38 in this orthogonal assay, which was not observed in the
standard assay (C38; K; =270 nM and 16a; K; = 300 nM, respectively). Thus,
in the orthogonal assay the selectivity was an estimated 46-fold selectivity for
human AT>R over human ATR (cf. 14-fold hAT|R/hAT:R selectivity for
C38). Bicycle 23b and C38 exhibit similar ICso values in this orthogonal assay
(C38; ICs0= 694 nM and 23b; ICso = 818 nM, respectively), although a larger
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affinity difference was noted in the standard assay (C38; K; = 270 nM and
23b; K; = 56 nM, respectively).
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Figure 19. Affinity towards human AT,R for selected ligands in the orthogonal assay.

Summary of the Structure-Activity Studies of C38 and
Future Outlook

The first series identified the sulfonyl carbamate as a site allowing large
variability, and also proved important for phase I metabolism. The sulfonyl
carbamate moiety was explored using the quick, simple, and safe
transesterification of sulfonyl carbamates presented previously in this thesis.
Additional sulfonylureas and acyl sulfonamides were evaluated as possible
replacement of the sulfonyl carbamate moiety, but neither presented with
improved properties compared to C38. In contrast to previous knowledge, a
flat structure-activity relationship was observed with a notable broad
tolerability to changes. The key finding was the significantly improved in vitro
metabolic stability when shortening the carbamate alkyl chain. Compounds
13a and 13b exhibited similar affinity as C38 and improved stability in mouse
microsomes, making them suitable research tools for mouse models of
neuropathic pain.

The second series revealed that the phenyl ring is likely not the main site
for phase I oxidation, and with the compounds generated a proposed binding
mode of C38 was ascertained. Introducing small substituents was fairly well
tolerated, rendering seven compounds with maintained human AT,R affinity.
Adding fluoro substituents to the phenyl ring did not improve metabolic
stability, and exchanging the phenyl ring for a pyridine did not improve
solubility. The common binding pose of the ligands in the AT>R crystal
structure could explain the experimental affinities: adding substituents in the
ortho or meta position relative to the thiophene will result in sub-optimal
fitting between arginine 182 on the forth transmembrane helix and tryptophan
100 on the second transmembrane helix.
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In the final series, the imidazole of C38 was replaced with bicyclic amides
and lactams, adding insight into the structure-activity relationship of the amide
moiety. The optimal amide orientation was identified, generating the most
potent of all ligands presented in this thesis, isoquinoline 23b. Rapid
decomposition was noted which is unfortunate as both the amides and the
bicyclic amides could have mitigated the risk of CYP450 enzyme inhibition
posed by the imidazole containing ligands.

In summary, the three series of selective human AT,R ligands synthesized
and evaluated have broadened the structure-activity knowledge of the C38
scaffold, Figure 20. The transesterification proved a useful reaction to
generate biologically active compounds, for which the metabolic stability was
improved. This knowledge might be useful to improve stability of other AT2R
ligands. The effect was not translatable to the bicyclic amides, which are likely
more metabolically labile due to the bicyclic amide moiety itself. In future
projects the bicyclic ligands might help to further elucidate the
pharmacological profile of AT;R ligands and could improve our
understanding of the structure-functional relationship.
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Figure 20. Summary of the most favorable improvements to the C38 scaffold.
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Investigation of NO release in Macrophages as
a Functional Activity Indicator for AT>R
Ligands (Paper V)

Background and Strategy

The biological response and potential use of AT:R ligands is greatly
dependent on the ligand’s functional activity. The low basal expression of
AT:R in combination with poorly understood signaling pathways, make
determining an AT,R ligand’s functional activity a formidable challenge.
When the first reported selective non-peptide AT,R agonist C21 was
presented in 2004, its agonist activity was determined using two assays.® In
an in vivo bicarbonate secretion assay, the alkaline secretion in rat duodenum
was determined using continuous titration with diluted hydrochloric acid.5*!'%6
Testing C21 in a neurite outgrowth assay confirmed the agonist activity
exhibited by the ligand. Undifferentiated cells of the hybrid cell line
NG108-15 (mouse neuroblastoma x rat glioma) were subjected to a 3-day
treatment with AT,R ligands to induce neurite outgrowth. Using contrast
microscopy the percent of cells with neurites longer than a cell body, out of
the total amount of cells in the picture, was determined.'*’'*° Although a large
number of AT,R ligands have been disclosed over the past two decades® %1%,
functional activity has only been determined for a selected few. The most
notable being C38, displaying antagonistic properties in the neurite outgrowth
assay.”” Both presented assays do not allow a large throughput of ligands due
to high cost and time requirements. Attempts to restart the neurite outgrowth
assay were unsuccessful and thus, identifying a new assay was a high priority.
Together with the Findriks group at Sahlgrenska Akademin, I set out to
identify a suitable assay that would allow a higher throughput, and to evaluate
the assay with known AT,R ligands.

Macrophages and AT2R

Several research groups have investigated the anti-inflammatory function
exerted by AT,R in macrophages. Macrophages are highly plastic cells vital
to an organism’s development, tissue remodeling and repair, and immune
response. Resident macrophages are present in all tissues where they partake
in tissue homeostasis. Circulating monocytes will be recruited into tissue in
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response to metabolic, inflammatory, or immune stimuli. The micro-
environment in the tissue determines the differentiation of the diffusing
monocytes to macrophages. There are several classification systems based on
function used to describe macrophages, encompassing both reversible
differentiation and several proposed sub-categories. In the classical definition,
the activated macrophages (CAMs, or M1) are pro-inflammatory, while the
alternatively activated macrophages (AAMs, or M2) are anti-inflammatory.

Stimuli with interferon-gamma (INF-y) or activation of a toll-like receptor
(TRL) will result in M1 phenotypic differentiation of macrophages.'>'"'**
Lipopolysaccharide (LPS) will stimulate an acute inflammatory response in
macrophages, causing M1 phenotypic differentiation and resulting in nitric
oxide (NO) production (Figure 21). LPS binds to the TLR4 resulting in
downstream upregulation of nuclear factor xf (NF-kp), in turn regulating the
expression of inflammatory cytokines, tumor necrosis factor-a (TNF-a), and
inducible NO synthase (iNOS). The NO production derives from L-arginine
(L-Arg) as iNOS converts it to L-citrulline. Direct stimulation of AT;R in
LPS-triggered macrophages has been shown to inhibit NF-kf and attenuate
cytokines interleukin (IL) 6 and IL-10 as well as TNF-a. Stimulation of AT|R
has been shown to exhibit the opposite effect.'”*'>” Hence, a negative
modulation of NO in LPS activated M1 phenotypic macrophages could be an
indication of an agonistic character of a selective AT,R ligand.
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N

L-arginine L-citruline + TNO

Figure 21. Proposed effect of AT,R and ATR activation on NO production in
LPS-triggered macrophages.
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Cell Validation and Basal Protein Expression

In the first experiments, the objective was to confirm the basal expression of
important proteins in the M1 phenotypic RAW264.7 mouse macrophages
(Figure 22A). Treating the cells with or without LPS for 16 h and analyzing
the protein presence according to standard Western blot protocols, confirmed
that the cells expressed all the desired proteins (AT R, AT:R, iNOS, and NF-
kP). Next, the macrophages were validated with varying LPS stimuli for 16 h,
to confirm a dose-dependent response of NO. The nitrite (NO, ") concentration
in the supernatant was determined using Griess reagent as an indicator of NO
production, and a dose-dependent response was observed (Figure 22B). The
LPS-triggered macrophages (16 h stimuli) were washed and treated with LPS-
free medium for 2, 4, and 6 h. The nitrite levels were determined at each time
point (Figure 22C). At the lower doses of LPS (1 and 10 ng/mL), the NO
production was low and unstable, while the higher doses (50 and 100 ng/mL)
gave apparent dose-dependent responses. This indicates that for the higher
LPS doses the macrophages retain their phenotypic differentiation for up to
6 h after discontinuing TLR4 stimulation. Cells in passage 5-23 were
identified as phenotypically stable, a trend supported by data presented by
Taciak et al. in 2018."

Figure 22. The RAW264.7 macrophages were validation to confirm M1 phenotypic
expression. A) Immuno-blot analysis of basal expression of iNOS, AT|R, AT:R, and
NF-kB; GAPDH served as a loading control B) Dose-dependent effect of LPS on
nitrite levels (indirect measure of NO release) in macrophages stimulated for 16 h. C)
Time-dependent effect on nitrite levels in macrophages after removal of LPS.
*¥E**p<0.0001; **p<0.01; *p<0.05; data is presented as mean+SEM, one-way
ANOVA followed by two-tailed Student’s t-test (B: n=9-15; C: n=6-7).
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Evaluating the Assay with AT:R Ligands C21 and C38

Effect of AT2R Ligands C21 and C38 in LPS-Differentiated
Macrophages

Treating LPS-triggered RAW264.7 macrophages with the selective AT,R
agonist C21 reduced the nitrite levels as hypothesized. The RAW264.7
macrophages were stimulated with LPS for 16 h to trigger M1 phenotypic
differentiation. Subsequent treatment with AT,R agonist C21 for 6 h in LPS-
free medium resulted in attenuation of NO production (Figure 23A). However,
the agonist did not display a linear dose-response relationship in this set-up,
and plateaued at 60-70 uM nitrite for 10, 50, and 100 pM of C21. Although it
is possible that the higher doses of C21 cause internalization of the protein,
terminating the LPS stimulation of TRL4 would likely result in down-
regulation of NF-«f. In turn, this could initiate a negative feedback-regulation
decreasing the expression of AT|R and AT:R at (or near) the cell surface.

Please note that the selective AT>R agonist C21 has opposing effects on
NO production depending on the tissue. In 2018, Peluso et al. reported that
stimulating human aortic endothelial cells (HAEC) with C21 caused
increasing NO levels via endothelial NO synthase (eNOS). The vasodilating
effect exhibited by AT:R results from NO release in endothelial cells.'®’
Although the eNOS and iNOS signaling pathways are different, it is
interesting to note the vastly different effect AT>R agonist C21 exhibits on
NO production in endothelial cells and macrophages.

The agonistic effect of C21 could be almost completely blocked by
pretreating the LPS-triggered macrophages for 1h with the established
prototype antagonist PD123,319 (Figure 23B, structure Figure 4, p.16). A
20% recovery in NO production was observed for the lowest dose of C21
when pretreating with PD123,319. This recovery was not observed when
increasing the dose of C21 while keeping the PD123,319 concentration
constant. It is possible that the slight difference in affinity between the two
ligands (ICsp C21 = 2.3 nM cf. ICsp PD123,319 = 5.6 nM)'%, in combination
with reduced AT,R expression, results in only a 10-fold excess of PD123,319
successfully reducing the C21 effect.

Treating the M1 phenotypic macrophages with the AT|R selective
antagonist Losartan or the Mas receptor antagonist A779 showed no
statistically significant effect on the NO reduction (Figure 23C) indicating the
observed effect of C21 is mediated via AT,R. The Mas receptor agonist
AVE0991 and AT:R agonist C21 are structurally similar, differing mainly in
the imidazole head group (structure not shown).'®" There is also evidence for
heterodimerization between AT,R, and AT,R or the Ang;.s-sensitive Mas
receptor. The functional effect of this complex heterodimerization, and/or the
occurrence of it, seem dependent on both tissue and cell type.'*''* In 2017,
Leonhardt et al. observed cross-inhibition of AT,R with a Mas receptor
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antagonist, similar to the cross-inhibiting effect upon ATR/AT;R
dimerization observed by AbdAalla et al. in 2001.'%*!%* To confirm the effect
of C21 on macrophages was mediated via AT,R, and to investigate if there
was any cross-inhibition in the system, the LPS-triggered macrophages were
pretreated with Losartan or A779 for 1 h, after which C21 was added to the
cells. Neither experiment showed any significant preventive effect on the
C21-derived NO attenuation, indicating the reducing effect of C21 is
mediated via AT2R and is not affected by cross-inhibition in this system.
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Figure 23. The effect of the AT,R agonist C21 on NO production in M1 phenotypic
macrophages. A) NO production in macrophages incubated with 50 ng/mL LPS for
16 h, and subsequently incubated with C21 (1-100 uM) in LPS-free medium for 6 h.
B) The effect of C21 1 uM could be blocked by pretreatment with PD123,319 for 1 h,
while the effect of C21 10 and 50 pM could not. C) The effect of C21 1 uM could
not be blocked by pretreatment for 1 h with neither receptor Mas antagonist A779 nor
ATIR antagonist Losartan. D) The protein concentration measured with the Bradford
method. ****p<0.0001; ***p<0.001; *p<0.05; ns = no significance (p>0.05); data is
presented as mean+SEM, one-way ANOVA followed by two-tailed Student’s #-test
(A: n=8-47; B: n=12-28; C: n=3-28; D: n=2-5).

The cells remained viable throughout the experiments. Ocular inspection
showed the cells grew and remained semi-adherent. The protein concentration
was determined using the Bradford method. The tested macrophages all
exhibited stable protein levels through a variety of experiments, confirming
cells remained viable even after LPS and C21 treatment (Figure 23D).
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The AT,R prototype antagonist C38 shows agonistic properties in M1
phenotypic RAW264.7 macrophages. When treating the M1 phenotypic
macrophages with the reported antagonist C38 for 6 h, an agonist typical
attenuation of NO production was observed (Figure 24A). Pretreating the cells
for 1 h with PD123,319 resulted in complete recovery of nitrite levels,
confirming the surprising agonistic character of C38 (Figure 24B). When first
reported®”®, C38 was tested in the neurite outgrowth assay and displayed
antagonist behavior. While it cannot be excluded that different signal
pathways in NG108-15 cells and M1 macrophages result in varied functional
activity, it is plausible that limitations in the neurite outgrowth assay did not
allow partial agonistic properties to be discerned. Using partial agonists rather
than antagonists can be very useful to reduce the effect of a full agonist, as
mentioned in the Introduction (p. 12). Hence, C38 and its analogues may lead
to useful applications in future drug discovery programs.
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Figure 24. The effect of the AT,R agonist C38 on NO production in M1 phenotypic
macrophages. A) NO production in macrophages incubated with 50 ng/mL LPS for
16 h, and subsequently incubated with C38 (1-50 uM) in LPS-free medium for 6 h.
B) Pretreatment with PD123,319 for 1 h could block the effect of C38. **p<0.01;
ns = no significance (p>0.05); data is presented as mean+=SEM, one-way ANOVA
followed by two-tailed Student’s z-test (n=6-9).

Effect of C21 on Macrophages During Simultaneous
Macrophage Differentiation

In the second protocol evaluated, the agonist C21 exhibited a linear dose-
dependent attenuation of NO production. Undifferentiated macrophages were
treated for 16 h with C21 and simultaneously activated using a low dose of
LPS to initiate phenotypic differentiation. The inhibitory effect at the lowest
dose C21 remained the same as in the first protocol. The inhibitory effect
became more pronounced for the higher doses of C21, resulting in a linear
dose-response relationship (Figure 25A). Although, loss of viability could
explain this effect, the cells remained semi-adherent for all tested doses and
the protein levels were unchanged (Figure 25B). The results support the
previously presented hypothesis, that continued LPS activation of TLR4 likely
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result in AT,;R remaining expressed at (or near) the cell surface. Pretreating
the cells for 1 h with PD123,319 was again only successful in inhibiting the
lowest dose of C21, possibly caused by the difference in affinity between C21
and PD123,319 (Figure 25C).
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Figure 25. The effect of the AT,R agonist C21 on NO production in M1 phenotypic
macrophages, after simultaneous stimulation with a low dose of LPS. A) NO
production in macrophages incubated with 10 ng/mL LPS and C21 at varying doses
(1-100 uM) for 16 h. B) The protein concentration measured with the Bradford
method. C) The effect of C21 1 uM could be blocked by pretreatment with
PD123,319 for 1 h, while the effect of C21 10 puM could not be blocked.
***%p<0.0001; *p<0.05; ns = no significance (p>0.05); data is presented as
mean+SEM, one-way ANOVA followed by two-tailed Student’s ¢-test (A: n=6-15; B:
n=9-24; C: n=4-9).

Effect of AT2R Ligands C21 and C38 in Highly Stimulated
Macrophages

Treating highly stimulated macrophages with AT:R ligands C21 and C38
attenuate NO production, confirming the agonistic character of both these
ligands. In the third protocol, the macrophages were pretreated with AngllI for
1 h before stimulating the cells for 16 h with Angll, a high dose LPS, and C21
or C38. Both ligands decreased nitrite levels in a sigmoidal dose-dependent
response, confirming the agonistic function of ligands C21 and C38 in
RAW?264.7 macrophages (Figure 26A). The higher doses (50 and 100 pM)
resulted in almost complete attenuation of NO production. This is probably
related AT2R surface expression resulting from LPS triggering TRL4. The
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addition of Angll may also result in increased recruitment of AT2R to (or near)
the cell surface, increasing the response of C21 and C38.
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Figure 26. The effect of AT,R agonist C21 on NO production in M1 phenotypic
macrophages, after simultaneous stimulation with AnglI and a high dose of LPS. A)
NO production in Angll-pretreated macrophages incubated with 100 ng/mL LPS and
C21 or C38 at varying doses (1-100 uM). B) The effect of C21 1 uM was unaffected
by co-treatment with 10 uM PD123,319. C) The protein concentration measured with
the Bradford method. ****p<0.0001; ***p<0.001; *p<0.05; ns = no significance
(p>0.05); data is presented as mean+=SEM, one-way ANOVA followed by two-tailed
Student’s #-test (A: n=3-12: B: n=7-18; C: n=2-9).

Co-treating the cells with the established AT,R antagonist PD123,319 and
C21 showed no inhibitory effect on the NO production in the highly
stimulated macrophages (Figure 26B). While the simultaneous addition of the
drugs may explain this trend, additional experiments with pretreatment of
PD123,319 exhibited the same trend (cells treated for 9 h). The presence of
endogenous Angll could explain this effect since its affinity is higher than that
of C21, and both C21 and AngllI will compete with PD123,319.' Although
Angll is present in low levels in all our experiments in the cell culture medium,
the combination of C21 and increased levels of Angll could outcompete
PD123,319 in the highly stimulated macrophages. Angll also activates both
ATiR and AT:R, and could be degraded into peptides with down-stream
activity in RAAS (e.g. Ang;; binding the Mas receptor). However, treating
the macrophages with the AT;R selective antagonist Losartan or the Mas
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receptor antagonist A779 according to the first protocol revealed no effects on
the NO production, indicating there is likely no other activity in RAAS.

Despite the major changes observed in NO production, the protein
concentrations remained unchanged and comparable to the levels detected in
the previous protocols (Figure 26C).

Summary and Future Outlook

Studying the effect of AT>R ligands on the NO release in LPS-treated
RAW264.7 macrophages appears to be a feasible biological assay to
determine an AT-R ligand’s functional activity. The established AT>R agonist
C21 and antagonist PD123,319 confirm that selectively activating AT>R will
attenuate NO production, while the antagonist will inhibit this attenuating
effect. Although all three protocols tested would allow higher throughput of
ligands than the previously used assay, the linear dose-response to drugs in
macrophages simultaneously treated with a low dose of LPS make this
protocol the most appropriate for future ligand testing. The first protocol, in
which the macrophages were pretreated with LPS, a linear dose-response was
lacking probably due to a reduced AT,R expression. In the third, highly
stimulated, protocol the inability to block the agonistic effect of C21 with
PD123,319 is problematic and may result in both false positives and false
negatives.

The reported antagonist C38 exhibits agonist effects in RAW264.7
macrophages. When first reported, ligand C38 had been tested in a neurite
outgrowth assay indicating the ligand acted as an antagonist. In the
LPS-triggered macrophages, the ligand instead presents with agonist
properties. While the ligand may exhibit different functional activity in
different cell types and pathways, it is more probable that limitations in the
neurite outgrowth assay could not discern a partial agonist activity of C38. As
mentioned in the Introduction of this thesis (p. 12), partial agonist can be
useful drugs. With the assay presented in this thesis, more ligands can be
evaluated for functional activity, which will help further elucidate the
relationship between function and structure for AT2R ligands.

Several studies conclude that AT,R activation results in an anti-
inflammatory response, in correlation with our finding."*'**!®> However, in
2018, Shepard et al. presented data in contrast to this previous research,
concluding that AT:R activation in macrophages triggers production of
reactive oxygen/nitrogen species (ROS/RNS, i.e. nitric oxide). The authors
investigated the effect of the clinical candidate AT,R antagonist EMA401
(structure Figure 7, p. 16) and found its effect to be mediated via macrophages
infiltrating the injured nerves. Previous research has proposed the effect of
EMAA401 to be a direct interaction with AT:R in the damaged nerves.'**'%’
Shepard et al. found that the nerves do not express AT:2R, as opposed to
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previous suggestions presented in the literature and briefly mentioned in the
Introduction of this thesis (p. 17). Further, the authors discovered that
increased levels of ROS/RNS cause cysteine modification of the transient
receptor potential ankyrin 1 (TRPA1) channel in DRG sensory neurons,
resulting in increased hypersensitivity. Blocking AT:R activation reduced
ROS/RNS and in turn reduced hypersensitivity. This contrasts with the
findings that AT,R activation in RAW264.7 macrophages decreases the levels
of NO. While the generalizability of in vitro and in vivo data is highly limited,
these opposing results highlight the complex biological function of AT:R.
Work is ongoing with the RAW264.7 macrophage assay to evaluate the
clinical candidate EMA401 and discern its effect in the system.
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Concluding Remarks

This thesis outlines the design and synthesis of ligands relating to the C38
scaffold with the purpose of evaluating the structure-activity relationships and
identifying motifs important to improving the drug-like properties of the
reported antagonist. Presented below are the main conclusions.
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A new reaction to transform a sulfonyl carbamate, a transesterification of
sulfonyl carbamates, was identified and successfully explored in both
microwave batch and in a microwave heated continuous-flow system.

Shifting from a displacement assay using pig AT>R to human AT>R when
determining affinity resulted in a significantly reduced affinity for C38
but not for C21.

The affinity could only be marginally improved for the compounds
containing the imidazole head group.

The metabolic stability could be improved by reducing the lipophilicity of
the carbamate alkyl chain, generating compounds 13a and 13b. Both these
ligands could be useful tools in mouse models of neuropathic pain.
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t,, (MLM) = 220 min t; (MLM) = 180 min

The phenyl ring does not appear to be a main a site for phase [ metabolism
as adding small substituents onto the ring could not improve the metabolic
stability.

Adding small substituents to the phenyl ring enabled fine-tuning of the
binding mode of C38 in a recently published crystal structure. The para
position relative to the thiophene point out toward the extracellular side
and additions in this position can be accommodated. For the meta or ortho



positions an addition cannot be accommodated and result in a sub-optimal
fit of the ligand.

The amides C93, C97, and C102 exhibited similar affinity to human
AT,R in the new assay as C38. The metabolic stability was unfortunately
poor for these ligands.

The metabolic stability was only marginally improved by cyclizing the
amides, and reducing the lipophilicity of the carbamate chain did not
improve the stability to as great extant as seen for the imidazole analogues.

Exchanging the amides for bicyclic amides allowed the most favorable
amide orientation to be elucidated, generating the most potent compound
presented in the study, compound 23b.

K; (hAT,R) = 56 nM
ty, (HLM) = 8.7 min
ty, (MLM) = 2.9 min
KS = 45 M

Investigating the effect of AT,R ligands on the production of nitric oxide
in LPS-triggered RAW264.7 macrophages can be used to evaluate an
AT,R ligand’s functional activity.

Reported antagonist C38 and confirmed agonist C21 both reduce the
nitric oxide production in RAW264.7 macrophages suggesting C38 acts
as a partial agonist in macrophages.
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Popularvetenskaplig Sammanfattning

Inom den moderna medicinen spelar likemedel en central roll for att behandla
eller bota sjukdomar. Forskning kring nya mojliga ldkemedel sker framst inom
lakemedelsindustrin men till viss del i akademiska projekt. Trots det stora
antalet projekt som startas i syfte att identifiera ett likemedel som skulle kunna
behandla eller bota en sjukdom, dr det fa likemedelsprojekt som lyckas.
Processen ér bade lang och kostsam, och kombinerat med den hoga andelen
projekt som misslyckas blir priset pa de likemedel som nar marknaden oftast
mycket hog.

Lakemedelskemi anvéinds for att gora, syntetisera, nya dmnen som &r
biologiskt aktiva, dvs. som har en effekt pé ett biologiskt system och ddrmed
skulle kunna agera som ett 1&kemedel. Innan kemister kan borja syntetisera
biologiskt aktiva amnen, dven kallat substanser eller molekyler, ar det viktigt
att veta vad substansen kan binda till i ett biologiskt system. De biologiskt
intressanta entiteterna som en likemedelsmolekyl kan binda till 4r oftast
humana proteiner, &ven om det ocksé finns en del likemedel som interagerar
med t.ex. DNA. Likemedel kan ocksé interagera med icke-humana proteiner
i virus eller bakterier. Det ar viktigt att substansen binder s& selektivt som
mojligt till ett protein som ar biologiskt intressant. Nér ett lakemedelsprojekt
starts kan det borja med att flera substanser testas mot biologiskt intressanta
proteiner for att identifiera bra startmolekyler, vilken sjukdom som ska
behandlas blir da ett sekundirt val. Ett projekt kan &ven bdrja med att
sjukdomen viljs primért, och molekyler designas for att binda till ett protein
som é&r vitalt for den sjukdomen.

Hogt blodtryck &r en mycket vanlig &komma som biologiskt orsakas av
Overaktivitet i ett biologiskt system som kallas renin-angiotensin-aldosteron
systemet, forkortat RAAS. De forsta proteinerna i RAAS uppticktes redan i
slutet av 1800-talet, det drojde dock till mitten pad 1970-talet innan den
molekyl som utovar den blodtryckshdjande effekten identifierades: en
atta-aminosyror lang peptid kallad angiotensin II (Angll). Det finns idag flera
lakemedel som interagerar med proteiner i RAAS som ett sétt att behandla
hogt blocktryck och minska risken for hjartkérl-sjukdomar. Under de senaste
tva decennierna har en skyddande del av RAAS upptéckts. Denna skyddande
del innehaller mindre kénda protein som utdvar bland annat en
blodtryckssdnkande effekt, men vissa protein har &dven visat sig kunna vara
bade nervskyddande och nervregenererande. Ett sddant protein ar angiotensin
II typ 2 receptorn, ofta forkortad AT,R.
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Proteinet AT,R 4r en receptor som sitter bundet i cellmembranet. Nar
receptorn binder Angll pé utsidan av cellen kommer proteinet att binda till ett
annat protein pa insidan, ett G-protein. Pa si vis fors den extracelluldra
signalen vidare inuti cellen och leder till att cellen foréndrar sitt uttryck av
diverse proteiner. Det finns just nu en lakemedelskandidat i kliniska studier,
EMAA401, som binder till AT2R och blockerar proteinet frén att binda nagra
extracelluléra signaler. Det finns studier som indikerat att AT,R ar involverad
i neuropatisk smirta och i de kliniska studierna med EMA401 har den
upplevda smértan minskats hos testpersonerna.

Kronisk smaérta drabbar en betydande del av befolkningen och ar smirta
som inte gar att bota och vars biologiska orsak oftast dr okénd. Kronisk smaérta
kan uppsté pa grund av skador som drabbar nerverna och kallas d& neuropatisk
smaérta. Nér nerver skadas fysiskt eller pa grund av ett annat sjukdomstillstand
(t.ex. diabetes, cancer, virus etc.) kan neuropatisk smérta ibland uppsta.
Nerven hamnar da i ett tillstand av hyperaktivitet, vilket kan leda till att nerven
reagerar med smaértsignaler for yttre stimuli som inte &r smértsamt eller att
nerven konstant skickar smartsignaler trots att inget yttre stimuli finns. Idag
finns ingen behandling som kan &terstélla nerverna, utan bygger pa ddmpning
av den upplevda smirtan. Behandlingen ér otillrdcklig och patienter fér inte
alltid hjalp av de mediciner de ordineras. Att identifiera substanser som kan
hjélpa dessa patienter 4r av stort intresse.

I vér forskargrupp finns ldng erfarenhet av att syntetisera och utveckla
substanser som binder till AT,R. Med det nyvunna intresse som finns for
substanser som blockerar AT,R initierades mitt doktorandprojekt kring
substansen C38, Figur 27 nedan. For att undersoka vilka delar av en molekyl
som &r viktiga for dess biologiska effekt undersoks varje del separat. C38 &r
en substans som upptécktes 2012 och bara den 6vre delen, nedan markerad
med en svart ring, har undersokts ytterligare. Den biologiska metod som
anvénds for att utvirdera tidigare substanser (baserad pa védvnad frén gris) var
inte langre tillgénglig. Den nya metod vi anvénde oss av i de arbeten som
presenteras i denna avhandling dr baserad pa vdvnad som uttrycker det
humana proteinet. Denna metod visade inte samma resultat som den tidigare
metoden. Syftet med det arbete som presenteras i denna avhandling blev
darfor att undersoka tre delar av molekylen C38 (Figur 27) for att dels forsoka
identifiera substanser med bittre biologisk aktivitet &n C38, samt dels att
forsoka identifiera biologiskt mer stabila substanser. Det arbete som ligger till
grunder for de resultat som presenteras i den hér avhandlingen dr presenterat
i fem vetenskapliga arbeten.

Det forsta och andra arbetet beskriver en viktig del av ldkemedelskemi: att
utveckla nya kemiska omvandlingar som kan anvindas for att syntetisera nya
molekyler. Den kemiska funktionalitet som aterfinns i del 1 (Figur 27)
undersoktes genom att reagera en testsubstans som bir denna funktionalitet,
med olika alkoholer vid forh6jd temperatur. Reaktionen fungerade vil for
flertalet alkoholer och reaktionen anvéndes i det tredje arbetet for att utforska
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del I. Ingen av de 18 nya molekyler som syntetiserades var mer biologiskt
aktiv 4n C38, men tva substanser med en kortare kedja i denna position visade
mycket béttre biologisk stabilitet. I det fjarde arbetet syntetiserades 12 nya
substanser for att utforska del II av C38. Av de syntetiserade substanserna var
det enbart 2 molekyler som var jamforbara med C38 sett till bade biologisk
aktivitet och stabilitet. 1 det fjirde arbetet syntetiserades 14 bicykliska
substanser. Efter att ha identifierat den optimala orienteringen av bicykeln
erholls en substans som var mer biologiskt aktiv &n C38. Dessvérre var dess
biologiska stabilitet fortsatt 1agre dn C38, vilket inte forbéttrades av en kortare
kedja i position I.

Att kunna avgdra om en substans blockerar eller aktiverar AT,R, dess
biologiska funktion, &r séklart mycket viktigt for att kunna avgora dess
biologiska anvindbarhet. Darfor startades ett delprojekt med professor Lars
Féndriks grupp vid Sahlgrenska akademin i syftet att identifiera en biologisk
modell som kunde besvara denna friga. Genom att anvinda makrofager, en
vital celltyp i kroppens immunforsvar, kunde vi utveckla en metod for att
utrdna en substans biologiska funktion. I denna modell visade sig C38 partiellt
aktivera AT,R snarare dn blockera AT:R. En substans som partiellt aktiverar
en receptor, kan vara mycket anvidndbar d& substansen “normaliserar”
receptorns aktivitet vilket skulle kunna vara mer effektivt i ett ldkemedel dn
att blockera den.

De forskningsresultat som presenterats i denna avhandling har utékat var
forstaelse for hur substansen C38 interagerar med receptorn AT-R. Med den
kunskap som erhallits kan nya biologiska relevanta substanser designas, vilka
kan anvindas for vidare studier av AT>2R och dess biologiska funktion.
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