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FDA-approved drugs utilize <10% of the druggable GPCR-ome as canonical target
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>50% OF GPCRS ARE UNDER-STUDIED
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Barriers to structure-guided GPCR drug discovery
for oGPRCs

 poM=2>low nM essential for x-ray structures
« Difficulty with ligand-free structures
* Little sequence identity

 AlphaFold predicted structures not useful



PRESTO-TANGO RESOURCE
320 GPCRS
(Kroeze et al, Nat Struct Mol Bio 2015)

[ g P d w_p

» " o P—— ] ———

e e Y i i s

3 o e [ 1, i = e S, § | ——j?v:
T o oRIp————— ey - -

F—— — — N

% -‘ ¢ "} Zile - -

ol g 3 l!_ s

| {7 l

| S | "]

Pl | ’ .L.-: KB e B |

Nanobody-enabled screening oGPCRs
(Che et al Nature Comm 2020)
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GPCR STRUCTURE-GUIDED SMALL MOLECULE TOOL DISCOVERY

1o~

o sammphn o e ‘x(‘ Wang et al Nature 2013

\

Article

Docking abespoke ultra-large
tetrahydropyridinelibrary identifies 5-HT2A
receptor agonists conferring new biology

https://doi.org/10.1038/s41586-019-0000-0  Anat Levit Kaplan®"*?**;', Danielle N. Confair**®***;?, Kuglae Kim*"****;**, Ximena Barros-
Alvarez**®***;*, Ramona M. Rodriguiz®®, Ying Yang', Oh Sang Kweon?, Tao Che’,
John McCorvy®, David N. Kamber?, James P. Phelan?, Luan Carvalho Martins'?, Vladimir M.
Accepted: 00 Month 20XX Pogorelov®, Jeffrey F. DiBerto®, Samuel T. Slocum?, Xi-Ping Huang'®, Jain Manish Kumar?,

. . Michael J. Robertson®, Ouliana Panova®, Alpay B. Seven®, Autumn Q. Wetsel®, William C.
Publistrad oniiae: 00 Month 2020( Wetsel™®", John J. Irwin", Georgios Skiniotis™, Brian K. Shoichet”, Bryan L. Roth™"%,

Jonathan A. Ellman™. or——————
0
D4 %

. N Huang et al, Nature 2015
Wang et al, Science 2017 =,
Lyu, Wang et al, Nature 2019 T

Received: 00 Month 20XX




SCREENING 91 0GPCRS AGAINST 446 APPROVED MEDICATIONS REVEALS
——— NATEGLINIDE IS A SELECTIVE MRGPRX4 AGONIST
| =

Batyay
Hid

2,000+

1,500
MRGPRXR4

1.000{ Gaq
EC50= 2.1 uM

500+

[3H] Inositol response (cpm)
(mean £ SEM)

s 8 7 6 5 4
log (Nateglinide, M)

7:09:01AM = .
Kroeze, Sassano, Huang et al, Nature Structure Mol Biol 2015



MRGPRX-FAMILY OF GPCRS ARE PRIMATE-SPECIFIC ORPHAN GPCRS

MRGXZMRGX?)
MRGXA } MRGX RECEPTORS

MRGX1
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MRGPRX4 is a G protein-coupled receptor activated by

bile acids that may contribute to cholestatic pruritus
H. Snyder****, and Xinzhong Dong™**"!
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MRGPRX4 is primate-specific bile acid receptor for
histamine-independent itch in human
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MRGPRX4 is a bile acid receptor for
human cholestatic itch
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Creation of a more selective MRGPRX4
igand
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Creation of a more selective MRGPRX4
igand
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MRGPRX4 agonists induce itch in non-human primate model
(Mei-Chuan Ko lab Wake Forest Pharmacology)
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K18

MRGPRX4 has a positively charged extracellular surface
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Negatively charged bile acids.

MRGPRX4

Cao, Kang et al, Nature 2021
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What about other MRGPRX-
family receptors?
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Two GPCR Families Mediate Actions of Opioid Small Molecules and Peptides

Unique small molecule opioid SAR (Lansu, Karpiak et al, 2017)

Preferentially activated by dynorphin peptides (Lansu, Karpiak et al, 2017)
Opioid-induced pseudohypersensitivity reaction (many publications)

Opioid induced granuloma formation (Yaksh et al, 2019) ?I0ID RECEPTORS
Small molecule antagonists potentially therapeutic for many disorders

MRGX2

} MRGX RECEPTORS

MRGX1




Considerable controversy exists regarding G protein pathway downstream of MRGPRX2

Gqg vs Gi?

Monomers, Dimers, Hetereo-oligomers?

How do positively charged peptides and drugs interact?

Can we create antagonists for MRGPR-family receptors as potential therapeutics?
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Opioids have unique structure activity relationships at MRRGX2
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Docking for a specific tool = matched stereoisomeric pair,
active & inactive, specific for MRGPRX2, no off-targets

| ; Asp184 is necessary for opioid activation
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High resolution cryo-EM structures of Gg- and Gi-coupled MRGPRX2 obtained
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Two GPCR Families Mediate Actions of Opioid Small Molecules and Peptides

} OPIOID RECEPTORS

MRGX2

RECEPTORS
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Proenkephalin = Met- and Leu-enkephalin

Signal peptide Peptide F Peptide E

l

YGGFMRRVGRPEWWMDYQKRYG

BAM1-22

l

VGRPEWWMDYQKRYG

BAM8-22

7:09:13 AM



MRGX1 involved in nociceptive and pruritogenic sensations

Anti persistent pain
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AV Ambiguous pharmacology and SAR
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Net BRET
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ML382 is a potent and efficacious MRGPRX1 PAM
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MRGPRX1 COMPLEX WITH

7:09:13 AM Liu, Cao et al, Nat Chem Bio in press




MRGPRX4 MRGPRX2

MRGPRX2 MRGPRX2

MRGPRX2 MRGPRX2
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Psychedelic History
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Single dose psilocybin rapidly induces antidepressant and anxiolytic

response (Griffiths et al, J Psychopharmacol 2016)
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LSD has a complex pharmacology
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Gabriel Aeschlimann of Ribosome Studio and

Hamilton's Pharmacopoeia VRIS G EL, (G0 207

Kim et al, Cell 2020
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Design of a large virtual Tetrahydropyridine library

R'-NH; R': Aryl, Alkyl, can't be H

qe R%: H, Alkyl (can be CHaAr)
R®: H, Aryl, Heteroaryl, Alkyl

o
M | : f— Rzu\v’_’_ﬁ » R*: H, Aryl, Heteroaryl, Alk.yl
R2 gt [R? can be connected to R? by 5, 6, 7 membered ring

3
R3 R {ring can'l be aromatic), R? can be connected to R* by
(%) " 5, B, T membered ring (ring can't be aromatic))
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N tetrahydropyridines

ZINC000020388554 ZINC000034304660 ZINC000169743167

M253500004070957
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Ellman lab, Yale | Irwin lab, UCSF

Levit et al, Nature in. press
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Ultra-large-scale docking of tetrahydropyridine
library

* 75 million compounds

* |terative cycle of docking and synthetic elaboration
and optimization

* ‘3366 revealed as 22 nM potent, selective Gq biased
5-HT2A agonist

* Ultra-LSD previously used in: Wang et al, Science
2017; Lyu et al, Nature 2019; Stein et al, Nature
2020; Sadybekov et al, Nature 2022, Alon et al,
Nature 2021. Levit et al, Nature in. press
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CryoEM structure of 5-HTR,,R/Gq with the novel, selective, Gqg
biased agonist HM3366

HM3366-E2

3.1 A resolution

Roth lab, UNC | Skiniotis lab, Stanford

Docking an ultra-large library of THPs for selective 5SHT2AR
agonists

Levit et al, Nature in. press
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cryo EM structure superposes well with computational prediction
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VMAT2-HET Mice Respond to (R}69 and (R)70 in Tail Suspension Assays
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Levit et al, Nature in. press

Ramona Rodriquez and Bill Wetsel, Duke
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Time Immobile (s)

480+
420+
360+
300+

2404 |
180 [

1204 |

24-h Post-Injection

ps<0.002, vs, Vehicle for VMAT2 HETs
WY T T T 1
i VMATZ-HET ps<0.003, vs. FLX for WTs

.

n = 7-9 mice/genotype/treatment

* p<0.05 compared to WT

+ p<0.05 compared to Vehicle within genotype
RMANOVA with Bonferroni corrected nost-hoc
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(R)69 and (R)70 Do Not Affect Head Twitch Responses or Locomotion in C57BL/6] Mice

(A) CS7BL/62 mice do not engage in sgnificant head tuch responses (HTRS) with (R}6S or (R)70.

40 @ Vehicle @ Vehicle
w 35 M1 maka (R)-69 = I 1 mg/kg (R)-69
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Baseline (030 min) 30 min Post (31-60 min)
n = 8-10 mice/treatment
A p<0.05 compared to LSD
Lev't et al Nature Iﬂ pl’eSS ANOVA with Bonferroni corrected post-hoc
, .
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Mice Exposed to Chronic Inescapable

Foot-Shock Spend Less Time in the Open Areas of an Elevated Zero Maze; a
Single Treatment with R-(70), Psilocin or Ketamine Increases Open Area Time up
to 13 Days After Treatment.

Condition

EINon-Shocked Controls

15
M Learned Helpless (Inescapable Shock)

. * * # # #

% Open Area Time

Vehicle 1 mg/kg (R)-70 1 mg/kg Psilocin 10 mg/kg Ketamine

Treatment

Data analyzed by ANOVA;

*p<0.05, Learned Helpless vs Non-Shock Controls; #p<0.05, vs. vehicle control i
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No Group Differences Found at Acclimatization; Relative to
Cocaine, Neither R-(69) Nor R-(70) showed Conditioned Place Preference.

-
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1 = R-(69) 3 mglkg

Em R-(70) 3 mg/kg

Data analyzed by repeated measures ANOVA.
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*p<0.05, vs. 10 or 20 mg/kg cocaine.
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Take home message

« Many new technologies for GPCR biology: TRUPATH (Olsen, DiBerto et al, Nature Chem
Bio 2020; Che et al, Nature Cormm 2020) for interrogating transducers and nanobodies for
inactive state structures (Che et al, Nature Comm 2020)

« ULTRA-LSD as a platform for discovery of useful and novel chemical matter for molecular
targets (Lyu, Wang et al, Mature 2019; Stein, Kang et al, Nature 2020; Alon et al, Nature
2021; Sadybekov et al, Nature 2022)

« Structure-guided and structure-informed drug discovery for oGPCRs feasible (Huang et al,
Nature 2015; Lansu et al, Nat Chemn Bio 2017; Cao et al, Nature 2021; Zhang et al, Nature
Struct Mol Bio 2022; Levitt, Ku et al, Nature in press)
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