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Chapter 2. MrgX1 PAM
2.1 Introduction

Pain and need for new targets

Chronic pain is one of the most widespread debilitating and highly intricate medical
conditions worldwide.! More than 30% of the American population suffers from some form of
acute or chronic pain.2 Accumulating evidence suggests a higher prevalence of adults with chronic
pain, with opioids being the most commonly prescribed class of medication.® # Opioid analgesics
exert their effect by binding to p-opioid receptors which are densely found in central and peripheral
nervous systems (CNS & PNS).%In the brain, opioid receptors are present in the regions associated
with both regulating pain and reward mechanisms, leading to side effects including, but not limited
to, nausea, respiratory depression, constipation and euphoria.® Over the years, numerous efforts
have been made to shift the treatment paradigm from opioids to more safe, selective, and non-
addictive pharmacotherapy. There is a huge demand for developing an alternate therapy
considering the ever-increasing opioid epidemic.’

One of the main reasons most pain medicines produce an extensive array of side effects is
the broad expression of drug targets (e.g., opioid receptors, cyclooxygenase-2 or COX-2, calcium
channels, etc.) in the central and peripheral nervous system, immune pathways, cardiovascular
system, etc.® Additionally, chronic pain is often primed with peripheral pathological conditions
such as inflammation and nerve injury that sensitize nociceptors.® Identification of novel molecular
targets and their small molecular probes on nociceptive sensory neurons in the trigeminal and dorsal
root ganglia (DRG) imparts a great value towards effective and safe pain managment.

Although the number of opioid prescriptions in 2019 (~153 million) have fallen
approximately 40% from an all-time high in 2012 (~255 million), the death rates are at an all-time
high, and the numbers are still increasing.!* Even as the FDA and industries are trying innovative

ways to stop opioid abuse such as abuse-deterrent formulations, there are numerous easily
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accessible web-based resources providing information on “how to crack the code” (abuse drugs
from new formulations) with the brand name and specifications. This epidemic demands a
treatment that is safe to use chronically and one of the better ways is to target receptors that express
exclusively inside the pain pathway and avoid targets with broad expression & And since chronic
pain is associated with peripheral pathological conditions such as inflammation or nerve injury,
targeting pain through receptors present in nociceptive sensory neurons in PNS shall help in

achieving nociception with fewer side-effects.® 12

Mrg family in itch and pain

In mammals, pain sensation or nociception is initiated by a subset of primary sensory
neurons known as nociceptors or pain-sensing neurons in the dorsal root ganglia (DRG), which is
the part of the peripheral nervous system (PNS).!* These neurons have both centrally and
peripherally projecting axons, as shown in Figure 2.1. The peripherally projecting axons of
nociceptors terminate in skin, muscles, visceral organs, and connective tissues, where they are
activated by noxious stimuli. The centrally projecting axons of nociceptors terminate in the dorsal
horn of the spinal cord, where they synapse with projection neurons which relay the information
from these neurons to the higher-order brain centers.!* Pathological conditions such as
inflammation and nerve injury can sensitize DRG neurons which causes heightened pain sensitivity
and often lead to chronic pain. Targeting localized nociceptors identified in DRG is of great
significance as it can lead to newer analgesics with fewer side effects compared to opioids are they
would be active in PNS and not CNS."

One such potential target is the Mas-related G-protein—coupled receptor (Mrg), which is a
family of orphan GPCRs consisting of many genes in humans, rats, and mice.*® Many Mrgs, such
as mouse MrgC11 and its human homologue MrgX1, are explicitlyexpressed in small-diameter
afferent neurons (presumably nociceptive) in DRG but not detected in the CNS (i.e., the spinal cord

and brain) or the rest of the body and have been reported to play essential roles in peripheral
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sensation.®18 Activation of Mrgs by agonists in the peripheral nerve endings of DRG neurons in
the skin evokes itch. Strikingly, this pro-itch effect is restricted to Mrg activation in the skin since
intrathecal (spinal cord) injection of Mrg agonists did not induce any significant scratching.
Activation of MrgC (rodent) with endogenous agonists such as bovine adrenal medulla peptide (9,
BAM 8-22) and an agonist JHU58 (by intrathecal [i.t.] application) attenuates persistent pain in an

MrgC-dependent manner in rodents.*’
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Figure 2.1. Schematic representation of pain circuit.

There are 31 pairs of DRG along the axis of the spinal cord each DRG contains numerous sensory neuron
cell bodies. All primary sensory neurons, including small diameter nociceptors (red dots) and large diameter
proprioceptors (blue dots), have peripherally and centrally projecting axons. The peripheral axons detect
stimuli from skin, muscle, joints, and viscera organs this neuron then relays signals through their central
axons to the dorsal horn of the spinal cord where have they synapse with projection neurons in the spinal
cord. Mrgs exert their effect in this central terminal in the spinal cord.
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Need for transgenic mice containing hMrgX1

Interestingly, Mrg-clusterA” mice (which have a deletion of 12 Mrgs, including MrgA3
and MrgC11) display enhanced spontaneous pain responses in the inflammatory phase of formalin-
induced pain.’® However, due to species differences across Mrgs, many drug candidates activate
MrgX1 but not the rodent (MrgC). Further development of these drugs remained impeded due to
the lack of a humanized animal model to test the anti-chronic pain effect in vivo. Our collaborators
at Johns Hopkins (Dr. Xinzhong Dong’s laboratory) were able to generate a transgenic mouse line
in which human MrgX1 gene is expressed in Mrg-expressing primary sensory DRG neurons.®® The
development of this humanized mouse model lead to a significant improvement in testing the
potential of MrgX1 as a pain target and also the development of small molecular probes for MrgX1.
Although few probes had been discovered for MrgX1 up until this point, the probes which were
reported lacked conclusive results due to the inability of testing them in vivo in the absence of a

transgenic animal model containing the human MrgX1.

Allosteric activators of Mrgx1

Even though almost half of all modern drugs regulate the activity of GPCR in some or
another way, the majority of GPCRs have not successfully been targeted by functional ligands yet.
It is often challenging to develop ligands with high selectivity for specific GPCR subtypes as their
orthosteric binding sites can be highly conserved across a GPCR subfamily. In addition, it is often
infeasible to develop small molecule drugs for some GPCRs whose orthosteric binding sites are
designed for peptides or proteins. Selective allosteric modulators, which bind to allosteric binding
sites and either potentiate or inhibit the activation of the receptors by their endogenous orthosteric
ligands is one of the favorable ways to circumvent this problem.?

Allosteric modulators can offer high selectivity as the orthosteric binding sites are often
conserved across a GPCR subfamily. It also allows a better temporal and spatial control of

modulating endogenous physiological signaling due to the requirement of endogenous orthosteric
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ligand binding. Allosteric ligands that bind at allosteric binding sites can provide better specificity
than orthosteric ligands alone because they require colocalization of receptor and orthosteric ligand
to function.?

Rodent MrgCs and MrgX1 have been reported for both analgesic and pruritogenic (itch)
effects.?> 2 To avoid inducing itch by the activation of peripherally expressed MrgX1,% the strategy
of allosterically enhancing the endogenous activity of MrgX1 at the site where receptor and
endogenous ligand coexist, i.e., at the central terminal, may be more beneficial over an orthosteric
agonist. Mrg DRG neurons terminate both centrally at spinal cord lamina Il and peripherally at the
skin. If the endogenous orthosteric ligand of MrgX1 is restricted at the pain processing central
terminal of DRG neurons, the allosteric drug would function only there even when it is
administrated systemically. BAM22 peptide is an endogenous agonist of MrgX1l. BAMZ22
immunoreactivity was found in several tissues, including brain and superficial spinal cord dorsal
horn.?> 2 Peripheral activation of MrgX1 receptor with exogenous agonist produces action
potential and generates itch sensation. In persistent pain conditions, central activation of MrgX1

inhibits synaptic input into spinal cord dorsal horn neurons to attenuate persistent pain.
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2.2. Discovery of ML382 as a positive allosteric agonist

A screen of the 307000 NIH Molecular Library Small Molecule Repository (MLSMR)
compound collection was carried out using a triple addition protocol with BAM8-22 as the
orthosteric ligand at the Johns Hopkins lon Channel screening center. Combining the calcium
mobilization functional assay activity and excellent selectivity profile as observed in the PubChem
Assay and PubChem Hit rate (Assay ID: 588675), this series was chosen for further modification
toward a novel positive allosteric agonist of MrgX1.2” As shown in Figure 2.2. the numerical value
associated with the Pubchem assay defines the number of times a particular structure appeared in
various assays submitted into the PubChem database and hit rate shows how many times it was
active (Hit) in those assays. After derivatizing the leads obtained from HTS 1-4 as shown in Figure
2.2, 5, ML382 was discovered as a better allosteric agonist with potency and efficacy.?®

Dose response studies showed that 5 uM of ML382 enhances the potency of BAM8-22 on
MrgX1 by >7-fold (i.e., ECso of BAM8-22 from 18.7 to 2.9 nM;); however, ML382 does not affect
the Emax 0f BAMB8-22. Furthermore, ML382 does not activate MrgX1 in the absence of BAM8—
22, suggesting ML382 itself does not have agonistic activity toward MrgX1. Pharmacological and
selectivity profiling of ML382 were performed against the closely related MrgX2 in HEK293 stable
cell line expressing MrgX2 as a selectivity screen. The orthosteric agonist used was pro
adrenomedullin amino-terminal 20 peptide, fragment 9-20 [PAMP(9-20)].? ML382 showed no
significant effect on the activation of MrgX2 in the presence of the specific agonist peptide,
PAMP.? The dose-dependent increase in BAM8-22 affinity demonstrates that ML382 is a positive

allosteric modulator of MrgX1, as shown in Figure 2.3.1°
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Figure 2.3. Representative time course of the drug effects on HVA ICa.

The enhancement of BAMB8-22-induced inhibition of HVA lca by ML382 (5 uM) is rapid and reversible.
(Inset) Chemical structure of ML382. But as such, ML382 has no effect on HVA I, currents.®
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Mechanism of MrgX1 activator action

High voltage active (HVA) calcium (Ca?*) channels play an essential role in controlling
the release of neurotransmitter vesicles from nociceptive DRG neurons into spinal cord neurons.*
However, because these channels are broadly expressed throughout the peripheral and central
nervous systems and the cardiovascular system, channel blockers pose side effects such as nausea,
anxiety, and sweating.®* Many GPCRs, including p and x opioid receptors, mainly inhibit N-type
HVA Ca?* channels and mediate the reduction of Ca?* dependent presynaptic neurotransmitter
release to produce an analgesic effect. Since MrgX1 is more restricted to the pain pathway and can
selectively modulate HVA Ca?* channels to attenuate persistent pain, activation of MrgX1, rather
than targeting Ca?* channels directly, attenuates pain while avoiding most central and peripheral
side effects. Inhibition of HVA 1Ca by BAM8-22 is partially mediated by Gi/o-sensitive Gy
binding of HVA calcium channels and also involve a GBy-independent pathway as shown in Figure

2419
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BAMS8-22 PAM

HVA Ca?* channels

MrgprX1

DRG neuron

Figure 2.4. Schematic model of MrgX1-mediated HVA ICa inhibition
Which is promoted, in part, by Gpy binding and depends on the Gai/o pathway. ML382 is a selective MrgX1

allosteric agonist that can boost BAM8-22-induced current inhibition by increasing its binding affinity

(image taken from Li, Zhe, et al. Proc. Natl. Acad. Sci. 2017, 100, 1996-2005).%°
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ML382 Inhibits Nerve injury-induced chronic Pain in MrgX1 Mice

When ML382 is injected (25 uM, 5uL, i.t.) half an hour before injecting formalin [2% (v/v)
formaldehyde, 5 uL into the plantar aspect of the hind paw, the first phase of pain response (0-10
min post formalin) is not affected, but the later phase of inflammatory pain response (10—60 min
post formalin) is significantly attenuated by ML382 in hMrgX1 containing mice compared with
Mrg ™ mice. In models of Complete Freund's Adjuvant (CFA) induced inflammatory pain and
chronic constriction injury (CCI) induced neuropathic pain, ML382 dose-dependently attenuated
pain in MrgX1 mice, but not in Mrg™”~ mice. In all these experiments, ML382 was able to induce
antihyperalgesia effects without requiring exogenous BAM peptides, suggesting the endogenously
released BAM22 upon injury is sufficient for ML382 to exert its analgesic effects.

ML382 did not induce conditional place preference (CPP), a widely used model to identify
drug addiction in sham operated animals of either genotype. This suggests that ML382 does not
activate innate reward circuitry in the absence of pain. ML382 at a much higher dose (250 uM, 5
uL, i.t.), did not affect locomotor function in either genotype. In addition, BAM8-22 can induce a
significant increase in scratching behavior compared with saline; however, ML382 does not induce
significant scratching when administered. The BAM22 peptide is a potent ligand for MrgX1 and
MrgC, it also contains the characteristic Met-enkephalin YGGFM amino acid motif at the N-
terminus that can activate classic opioid receptor subtypes (u, 8). Thus, it cannot be used as such.
However, MrgX1 receptor is insensitive to the classical opioid receptor antagonists and shows

distinct structure-activity relationships and pharmacology with its known ligands.*
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Previous Agonists

Human MrgX1 agonists 6 and 7, as shown in Figure 2.5. reported by GSK*® and
ACADIA%*, respectively, were the first reported compounds that were not peptides. Even though
they had very good efficacy with reported ECs of around 30 nM for both against MrgX1, they were
not active against MrgC11 and due to the lack of an in vivo model, they were not further
characterized. These compounds have high molecular weight (MW > 500) which likely contributes
to unfavorable CNS druglike molecular properties and solubility.* Indeed, compound 6 could not
be tested in vitro at concentrations above 2 pM due to its limited solubility.*®

8, JHU-58, as shown in Figure 2.5, an Arg-Phe-NH2 peptidomimetic with full agonist
activity at mouse MRGC11 and rat MRGC, exhibits analgesic effects in rodent models of
neuropathic pain. JHU-58, however, displayed negligible agonist activity at human MrgX1,
hindering its ability to serve as a molecular template for further structural optimization efforts
aimed at clinical translation.® 3¢

By performing high throughput screening of Eisai’s compound library in HEK293 cells
stably transfected with human MrgX1 two submicromolar hits 10 and 11, as shown in Figure 2.5.
were identified as full agonists with ECso values of 0.92 uM and 0.51 uM, respectively. Both the
lead compounds had the presence of benzamidine moiety, which is known as a bioisostere of a
guanidyl group of arginine, which is also present in the BAM8-22 peptide, indicating a common
binding site. Even though some of the previous series had better activity, the fact that these new
leads were low molecular weight compounds makes them more favorable for a CNS drug discovery
effort. Eva et al. were successful in conversion of the benzamidine moiety of 10 and 11 into a 1-
aminoisoquinoline moiety in 12 without loss of potency after performing SAR studies on the lead.
12 is a highly potent MrgX1 agonist devoid of positively charged amidinium group and with
superior selectivity over opioid receptors. Although 12 has favorable distribution to the spinal cord,
presumably due to the reduced pKa value for the 1-amino group of the aminoisoquinoline as

compared to that of the benzamidine moiety, it showed a high degree of clearance.®’
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2.3. Design of new positive allosteric agonists based on ML382

Due to the complex neurochemistry and pharmacology of the GPCR receptors involved in
nociception, direct targeting of such GPCR’s can result in various unintended side effects. Positive
allosteric activation of the MrgX1 in the dorsal root ganglion presents one such opportunity to
target pain without activating the reward signal mechanism, which is the root cause for opioid
addiction. The discovery and development of ML382 and its use to establish the pharmacology of
MrgX1 using the humanized MrgX1 mouse instead of the rodent MrgCl11l has helped in
establishing the role of MrgX1 in nociception. Other small molecules identified and developed
were direct agonists MrgX1 and were shown previously by our collaborators and many others to
promote itch. ML382 was an active positive allosteric agonist of MrgX1, and had good
physicochemical properties suited for a CNS drug.®® A quick overview of the calculated
physicochemical properties of ML382 using the QikProp module of Schrédinger as shown in Table
2.1, helps in determining if ML382 as a good candidate for lead optimization. ML382 has a lower
molecular weight (MW = 360.4), the cLogP = 3.174 is in the acceptable range, the total polar
surface area tPSA is less than 90. The QikProp produces a CNS activity score which is -1.4
for ML382 and falls in the CNS active range. The predicted apparent Caco-2 cell permeability
used as a model for gut blood barrier is 1164, and the blood-brain barrier permeability parameter,
QPlog BB, is in the active range. The predicted apparent MDCK cell permeability which is
considered a good mimic of blood-brain barrier is 583, for CNS active molecule it should be greater
than 500. Owing to such good physiochemical properties ML382 is well suited to be used as a lead
for development of new better active allosteric agonist of MrgX1.

In vitro pharmacokinetic experiments suggest the ML382 is rapidly cleared in humans and
rats and showed a free fraction %f, of 0.4 in humans and 1.7 in rats. In a cassette and discrete in
vivo experiment to measure the brain penetration ML382, it shows a brain to plasma (B:P) ratio of

0.5 in the cassette model and 0.6 in the discrete model with a dosage of 2 mg/kg. When the dose
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was increased to 10 mg/kg the B:P ratio appears to be 0.37. Since ML382 was active and had
acceptable physicochemical properties for a CNS drug but lacked the ideal pharmacokinetics, we
decided to perform a metabolite identification study using mass derived identification of
metabolites to identify the possible metabolically labile sites. In both human and mouse liver
microsomal fractions (HLM and MLM), oxidation at two different places appears to be the primary
mode of metabolism, as shown in Table 2.2. The O-dealkylation of the ethoxy group was one
other metabolite to be identified. Since MetID studies are only predictive and not fully
comprehensive, we considered amide hydrolysis to be one of the instability providers as clearance
in rats was more than ten times faster than in humans and, as described earlier, proteolytic activity
in rodents is higher than that of humans.

In addition, ML382 was evaluated using the Eurofins Lead Profiling Screen, a binding
assay panel of 68 GPCRs, ion channels, and transporters screened at 10 uM. ML382 did not inhibit
67 of the 68 targets assayed (inhibition of radioligand binding >50% at 10 uM); the only target that
was considered active was serotonin (5-hydroxytryptamine) 5HT2g, which showed 63% inhibition

at 10 uM. Overall, ML382 displayed a very favorable selectivity profile.?®



Table 2.1. Physicochemical and PKPD properties of ML382

QikProp Schrodinger Results CNS Range
MW 360.43 <400
cLogP 3.174 <3-4
QPLogS -4.452 -6.5-0.5
PSA 83.61 <90
CNS -1 -2to +2
>25 poor
QPPCaco 1164.45 >500 great
QPLogBB -0.858 -3.0-+1.2
<25 poor
QPPMDCK 583.2 5500 great
Pharmacokinetics of ML382
Human CLnT HCLuep 61.9 15.7
Rat CLnT CLHuep 1065 65.7
Human PPB (%F,) 0.4
Rat PPB (%F.) 1.7
In vivo PK (IP, 2 mg/kg, cassette)
Plasma (ng/mL) 151
Brain (ng/g) 75.6
B:P 0.5
In vivo PK (IP, 2 mg/kg, discrete)
Plasma (ng/mL) 419
Brain (ng/g) 250
B:P 0.6
In vivo PK (IP, 10 mg/kg, discrete)
Plasma (hg/mL) 2624
Brain (ng/g) 976
B:P

0.37
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Table 2.2. Metabolite identification of ML382
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Peak Tentative_ l_\/letgbolite Observed Retentiqn Time Species/Matrix
ID Identification m/z (min)

ML382 Parent (P) 361.1211 7.66 MLM, HLM
M1 P+0O 377.1148 5.84 MLM, HLM
M2 P+0O 377.1175 5.94 MLM, HLM
M3 De-ethylation 333.0900 5.18 MLM, HLM
M4 P+0+0 393.1082 4.45 MLM, HLM
M5 P+0O 377.1164 6.48 HLM

AL SN
§NH O O o

el

o : " 0

N

_______

5, ML382, possible metabolites




194

For the design of new analogs, we had two goals in mind to improve potency and
metabolically stability. For imparting metabolic stability, we addressed the three phenomena which
were responsible for rapid metabolism of the compound. Primarily, the breakage of the ethoxy
group on the right-hand portion, amide bond hydrolysis and aromatic ring oxidations. As shown in
Figure 2.6, a comprehensive study around ML382 was performed starting with a broad scan of
different alkyl substitutions in the sulfonamide portion of the molecule as in class | compounds.
Next, we substituted the sulfonamide with a carbonyl amide as in class Il, which could help in
decreasing the polarity of ML382 and improve CNS penetrantion. Class 111 compounds were made
to prevent the breakage of the ethoxy moiety on the right-hand side and to identify ethoxy
substituents which are active and stable. In Class IV, the molecule was cyclized to eliminate the
free acidic NH on sulfonamide, which could hinder BBB penetration, and in doing so we also tried
to address the amide hydrolysis problem. Class V compounds were made to address amide
hydrolysis, which was not identified in the met ID study but could be one of the possible reasons
for high clearance; we tried to understand the role and necessity of the amide bond and incorporated
bio-isosteres to prevent metabolsim. In class VI and VII, we addressed the oxidation observed in
the MetID study by inserting heterocycles into the aromatic ring, substituting with saturated rings,
and halogenating the aromatic rings. This broad study allowed us to diversify the ML382 without

drastically changing the core structure.
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Figure 2.6. Designing of new MrgX1 allosteric agonists based on ML382
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Synthesis of the new ML382 derivatives

The compounds containing main core, 2-(sulfonamido)-N-benzamide were all synthesized
via a common scheme. As shown in Scheme 2.1B, the anthranilic acid derivative, 13 was coupled
with an appropriate sulfonyl chloride under basic water conditions (NaHCOs, HO) to yield the
sulfonamide, 17. This compound is then coupled with an aniline (or amine) using T3P to yield the
final compounds5, 18a-u, 19a-b, 28a-j.* The T3P coupling works fairly well with most of the
anilines/amine giving yields ranging from 20-90% within 1-12 hours of reaction, based upon the
derivatives. Only in the case of cyclic amines to obtain derivatives like 18g we had to utilize costly
amide forming coupling agents like PyCIU. This synthetic scheme was mainly used to make right-
hand side changes using various aniline/amines. In a similar type of modular approach, the amide,
14 could be made first and then the sulfonamide as the final target Scheme 2.1A. This is helpful
while trying to derivatize the left-hand side sulfonamide portion. This approach is limited to
anthranilic acid and N-methyl anthranilic acid.

To make a diverse set of N-alkyl sulfonamide, we employed a copper catalyzed Buchwald-
Hartwig type C-N bond coupling. A trial for amination of 2-bromobenzoic acid, 20 using a known
protocol employing rac-BINOL as a ligand, was not successful and resulted in very low yields.
We then tried to make the amide, 21, and then did the C-N coupling using Cul and L-proline as a
ligand.*® The reaction yielded the desired amide derivative, 13 which was rapidly converted into
the sulfonamide/amide using sulfonyl/carbonyl chlorides as shown in Scheme 2.1C. To synthesize
the indazole derivatives 24a-d, as cyclic derivatives of ML382 lacking the free acidic -NH, initially
we tried to make the left-hand side sulfonamide by condensing sulfonyl chloride with 22, but the
next step of C-N bond formation with O-phenetidine was very low yielding; thus, we shifted to
alternate route, where a microwave assisted condensation of 22 with desired anilines/amines was
carried out first followed by the formation of sulfonamide as shown in Scheme 2.1D.*

Another type of cyclic derivative 24f,g was made using a recently developed one-pot

benzo[e][1,2,4]thiadiazine oxide ring formation reaction between a sulfoximine, aldehyde, and
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azide catalyzed by copper (1) oxide.*> *® The benzimidazole, 28k, was synthesized by the coupling
of the sulfonamide benzoic acid, 17, with the 1,2-diaminophenyl, 27 via a two-step protocol. First,
the amide was formed using HATU followed by ring closure under heat and acidic conditions to
yield 28k. A more conventional approach to directly condense the acid and diamine derivative
under harsh acidic conditions failed to yield 28k. Similarly, to make different types of bioisosteres,
we had to try alternate approaches. Even though there are plenty of reports on the synthesis of
heterocycles as bioisosteric amide replacements, an ideal condition to work in a given molecule
has to be tried and optimized.**“> As in the case of incorporating the oxadiazole ring to make bio-
isostere, 28m our primary approach to condense hydrazide 29 which can be easily made from 17,
with commercially available 30 failed. We then had to approach from the other side by making
hydrazide on the right-hand side and conforming the initial condensation of hydrazide 32 with acid
chloride 31 to form 33 and then cyclize in POCIsto achieve the desired product 28m. Apart from
the general synthesis shown in A and B, a broad emphasis on the yields of the reaction was not
given. Our primary approach was to synthesize various primary leads using more straightforward
and rapid chemistry to get the maximum number of leads in a given set of time. Once a lead
molecule comes out to be active, we would place additional efforts to make the synthesis better
yielding and modular. Molecules thus synthesized were sent in small batches to our collaborators
Dr. Xinzhong Dong lab at Johns Hopkins University School of Medicine, Baltimore, MD. The
efficacy of this compounds to activate MrgX1 stably expressed on heck 293 cell lines were tested.
The enhanced activation of MrgX1 by the compounds in the presence of agonist BAM8-22 was
monitored by a calcium imaging assay. One's a compound turns out to be active, then its ECso will

be measured.
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Results

Class I: Substituted sulfonamides

Class I compounds were designed such that the cyclopropyl sulfonamide combination is
the best going forward. We synthesized alkyl combinations which were not evaluated in the
previous SAR studies leading to the identification of ML382. In this series, we replaced the
cyclopropyl with cyclobutene, 15a, 1-methyl cyclopropyl, 15b, and cyclopentane 15¢. Even though
15a and 15b had very high Emax, those values did not into low ECso, they had ECso of 1.6 and 4.4
MM, respectively. Next, we varied the N-alkyl combinations starting from methyl, 15d, propyl, 15e,
and cyclobutyl, 15f. The best compound, N-methyl cyclopropyl sulfonamide, 15d, had ECs of 0.52
MM while the rest were not as active. Next, we tried to combine both the studies, making different
alkyl-substituted N-methyl sulfonamide, out of which dimethyl combination 15h was the best with
ECso of 0.55 uM. Derivatizing with bigger alkyl compared to cyclopropyl helped in identifying if
there was any space in the MrgX1 binding site, which could be covered with a bulkier group. Still,
cyclopropyl continues to be the best, with some toleration for ethyl and N-methyl. N-methyl
sulfonamide helped in eliminating the acidic-NH and improve predicted solubility and BBB

permeability.



Table 2.3. Class | sulfonamide modifications
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MrgX1
0/)a
Cmpd. Structure Emax (%0) ECs (LM)?
[ON O
"NH O
5 v N@ 100 0.1237
H o
O 0
D/ NH O
15a @)LN 368.9 + 27.2 1.634
H
o~
15b Q 302.3+28.7 4.44
15¢ Q 155+ 16.5 ND
%8 65.7+17.6 0.522
+
‘N 7 £17. :
15d v Q
34.0£20.3
15e f 11 Q ND
125.4 +22.6
15f Q ND
343.5 £ 61.0
159 @A Q 0.665
15h Q 202.5 0.551
1142 £41.0
15i @)& Q ND




o’ 296.5 + 33.6
15] @)L Q 1718
0,0
226.0 + 89.0
ND

s | TR O
H o

2Assays were carried out in the presence of 10 nm BAMB8-22; data are the mean + SEM of n =2
experiments; Emax values are normalized to the control compound ML382; ND/blanl: not
determined, as E .,y is too low.
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Class II: Carbonylamide derivatives

In this class of compounds, we tried to replace the sulfonamide with the carbonyl amide to
see if the sulfonamide was necessary for potency. A carbonyl amide compound should,
theoretically, have better brain penetrance, improve solubility, and also provide a more convenient
handle for further derivatization. Firstly, we tried to replicate the cyclopropyl sulfonamide by
making a similar cyclopropyl carbonyl amide, 16a, which had an Ema of 53%. Later, we
incorporated various cyclo alkyl substitutions, namely 1- and 2-methyl cyclopropyl, 16b and 16c,
cyclobutane, 16d, and cyclopentane 16e. Unfortunately, none of these were active except 16d. Our
attempts to incorporate N-methyl with all of the same alkyl derivatives 16f-60i resulted in no active
compounds. Lastly, we tried to get rid of the carbonyl and made its corresponding alkylated amine

16j, which led to complete loss of the activity compared to 16a.



Table 2.4. Class-11 carbonamide modifications

Cmpd. Structure Emax (%0) E?:A rg(ﬁl%/l)
50
(0]
V)LNH o 535+ 15.1
16a ND
N
H o
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WA”H o 7.0£65
16b " ND
©)LH O~
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16¢ ND
N
H o
(0]
D)LNH o 18.1+224
16d N ND
H OV
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G)LNH o Q 1.5+136
16e ND
N
@H o~
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V)LN/ o 03+10.6
16f ND
N
©/KH o~
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169 ND
N
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N
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2Assays were carried out in the presence of 10 nm BAMB8-22; data are the mean + SEM of n =2
experiments; Emax values are normalized to the control compound ML382; ND/blank: not
determined, as E,y is too low.

205



206

Class Il1: Ethoxy modifications

To prevent ether metabolism and assess the potency, we evaluated cyclized versions of the
right-hand side of the molecule and also branching of the ethoxy moiety. For the cyclized version,
we tried to mimic the ethoxy in ML382 and made N-linked heterocycles to impart rigidity to the
molecule. In the cyclized ethoxy version only benzofuran containing molecules, 18a and 18i, -(2,3-
dihydrobenzo[b][1,4]dioxin) moiety 18c, and chromane moiety 18j, retained some activity. Out of
these 2-methyl benzofuran, 18i, had a reasonable ECs of 0.98 uM. The remainder of the cyclic
compounds, such as tetrahydroquinoline, 18b, benzo[d][1,3]dioxol, 18e, 2,2-
dimethylbenzo[d][1,3]dioxol, 18f, and 2,2-difluorobenzo[d][1,3]dioxol 18h, had no activity at all.

Next we moved towards replacing the ether with sulfide since both of them have two lone
pair of electrons and sulfur has been used to replace oxygen. However, all of the trial compounds
containing ethyl, methyl, and isopropyl sulfide, 18k, 18m, and 18n, were moderately active. Thus,
we moved towards using alkylated anilines to mimic the ether as in the case of 18n-18q. These
analogs did show some response but not sufficient to get an ECso. In order to confirm the results
and remove any bias in the combinations, we also used ethyl sulfonamide containing moiety to try
with the sulfide and aniline containing right-hand side 18r-18u; however, these also gave the same
results. Overall sulfide containing moiety were slightly more active than alkylated anilines, as

shown in Table 2.5.



Table 2.5. Class 111 ethoxy modifications
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0, 0
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18u ©)LH 55+4.9 ND
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2Assays were carried out in the presence of 10 nm BAM8-22; data are the mean = SEM of n
= 2 experiments; Emax values are normalized to the control compound ML382; ND/blank: not
determined, as E,y is too low.
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We tried to investigate ethoxy replacements by branching, elongating the chain, and
addition of a trifluoromethyl group. The introduction of a branched group produced active
compounds; however, these lost ~10-fold activity compared to the ethyl group (19a, ECso = 2.6
UM; 19b, ECsp = 1.1 uM) and 19c. The 2,2,2-trifluoroethyl group (19d, ECso = 0.53 M) or adding
an additional methylene group (Propyl, 19f, ECs = 0.51 uM) were active compounds, although not
as potent as ML382. Moving to the methoxyethyl 19e lost all activity. We tried to introduce these
changes into ethyl sulfonamide 19g, which was not fruitful, but the N-methyl cyclopropyl
sulfonamide group brought activity back to the molecule (19h, ECso = 1.4 uM), (19i, ECs = 0.76
UM), (19j, ECso = 0.74 uM). Overall N-methyl cyclopropyl sulfonamide containing molecules were
much better at tolerating the changes to the ethoxy, but even the best of them did not had potency

comparable to it, as shown in Table 2.6.



Table 2.6. Class Il ethoxy replacements
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N o
19j v NQ 79.8+15.4 0.747
H

2Assay were carried out in the presence of 10 nm BAM8-22; data are the mean + SEM of n =
2 experiments; Emax values are normalized to the control compound ML382; ND/blank: not
determined, as E . is too low.
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Class IV: ML382 cyclization

We envisioned closing the amide of the sulfonamide with the carbonyl of the amide to form
a five-membered ring system as our first attempt to scaffold hop within this series. From our
previous work, we knew the NH of the sulfonamide was not critical as alkylation of this nitrogen
was tolerated. Thus, we started with commercially available indazole or aza-indazole starting
material, 22 to make cyclized derivatives 24a-d. Unfortunately, these compounds did not show any
activity against MrgXZ1. Next, we tried out a bicyclic compound 24e, which had come out as an
impurity during some reaction trials to see if there are multiple interaction sites available at the
allosteric center, but this was also not active. Like our attempt to cap the free NH into a 5-membered
ring we tried out to make a 6-membered benzo[e][1,2,4]thiadiazine oxide ring, but two different
ether modifications in this cyclized version 24f and 249 both came out to be inactive. So far, almost
all of our attempts to cyclize the core amide to the right-hand side ethoxy were not fruitful, as

shown in Table 2.7.



Table 2.7. Class IV ML382 cyclization

MrgX1 ECso
Cmpd. Structure Emax (%
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O
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aAssays were carried out in the presence of 10 nm BAM8-22; data are the mean + SEM of n = 2
experiments; Emax values are normalized to the control compound ML382; ND/blank: not
determined, as E.y is too low.
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Class V: Amide replacement and bioisosteres

Class V compounds were aimed at identifying the role of the center amide in imparting
activity to the molecule and also to find suitable ways to mask that in order to prevent its hydrolysis
and to identify bioisosteres replacements. To begin with, we tried to change the position of the
amide bond from ortho of the sulfonamide as in the case of ML382 to meta position 28a and para
position 28b. 28a was not active at all, while 28b was only slightly active. For compound 28c, we
tried to add a carbon to shift the amide to the right, and it retained very little activity. An attempt
to remove the carbonyl, as in the case of 28d, was also not fruitful. The incorporation of a branched
ethylene group on the right-hand side 28e was also not active.

Next, we attempted to shift the sulfonamide as in 28f, using an extra carbon and replace
sulfonamide with just a sulfone as in 28f or swapping the positions of two different amidic group
28h were not active, and also making a cyclic sulphonamide 28i was also not active. Making of an
N-methylated as in 28j was also not beneficial.

From the above study, it was clear that the amide at its native position in ML382 is
absolutely essential for the activity. Any small modifications to mask it for preventing its
metabolism was not fruitful, so we shifted to making some bioisosteric replacement for the amide,
which shall keep the amide spatial geometry. Unfortunately, ours attempt to make benzimidazole,
28Kk, triazole, 28I, oxadiazole, 28m and urea derivatives, 28n and 280, did not result in any active

compounds.



Table 2.8. Class V Amide modification and bio-isosteres

MrgX1 ECso
Cmpd. Structure Emax (%
P ) (uM)
o\\S,/o
WA 444 +77.3
28a @\(H o ND
N
IO
o,_0
V/S‘NH
70.6 + 56.1
28b ND
O N
H O\/
P 55.4 + 73.1
“NH o™ SENES
28¢ v H ND
(o]
0, 0
V/S\NH
28d | 3.3+6.8 ND
H O\/
0.0
NH O
28e N -16.3+7.8 ND
0]
L
0, 0
V/S‘NH
0 -12.8+82
28f HN ND
O
N
0,0
/s o
289 \ Q -15.4 +30.9 ND
H O\/
O
NH
28h 00 Q -33£9.9 ND
28i 20.1+13.3 ND

0.0
vy

N

H o
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O, .0

. \/\\SZNH o]
28j | 71422 ND
(@)
o, 0
NH N
28k v 1 u@_/ 238+89 ND
H
0o, 0
v
28l N 75+7.4 ND
H (0]
(.
0o, .0
VAU
28m o>‘© 6.7+4.6 ND
o}
o
o]
O\\SU‘NH
X H K
28n @/ g :@ -143+7.6 ND
OO
L
(o]
V)kNH H H
280 @Ny”j@ -28.6£8.1 ND
0O
.

8Assays were carried out in the presence of 10 nm BAM8-22; data are the mean = SEM of n =
2 experiments; Emax values are normalized to the control compound ML382; ND/blank: not
determined, as E,x is too low.
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