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FDA-approved drugs utilize <10% of the druggable GPCR-ome as canonical target

Wacker, Stevens & Roth Cell 2017

Dopamine receptors



<100

>50% OF GPCRS ARE UNDER-STUDIED

DA receptors

Roth and Kroeze JBC 2015
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Cao et al, Neuron 2022

5-HT2C (6)
Peng et al Cell 2018
Gumpper et al, Cell Repo 2022
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Kim et al, Cell 2020
Levit et al, Nature 2022

D1
Zhuang et al, Cell 2021
D2
Wang et al, Nature 2018
Zhuang et al, Cell 2021

D4 (2) 1.9Å
Wang et al, Science 2017

MT1 melatonin (3)
Stauch et al, Nature 2019
MT2 melatonin (3)
Johanssen et al, Nature 2019
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5-HT5A (4)
Zhang et al, Nat 
Struc Bio 2022

MRGPRX1
MRGPRX2 
MRGPRX4
Cao, Kang et al, Nature 2021
Liu, Cao et al, Nature Chem Bio 2022
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Barriers to structure-guided GPCR drug discovery 
for oGPRCs

� pM�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)

TRUPATH RESOURCE
BRET-based Transducerome Screening

(Olsen, DiBerto et al, Nat Chem Bio 2020)

Nanobody-enabled screening oGPCRs
(Che et al Nature Comm 2020)

Nanobody-enabled inactive state cryo-EM structures



GPR65 and GPR68 
Huang et al, NNature 2015

MRGPRX2 and MRGPRX4
Lansu et al, Nature Chem Bio 2017

Cao, Kang et al, Nature 2021

Wang et al Nature 2013

5-HT5A 
Zhang et al, Nature Struct 

Mo Bio 2022

GPCR STRUCTURE-GUIDED SMALL MOLECULE TOOL DISCOVERY

MT1 and MT2-selective ligands
Stein, Kang et al, Nature 2020

D4 
Wang et al, Science 2017

Lyu, Wang et al, Nature 2019
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SCREENING 91 oGPCRS AGAINST 446 APPROVED MEDICATIONS REVEALS
NATEGLINIDE IS A SELECTIVE MRGPRX4 AGONISTglobal

0 0.98621.0086 1.3

G
PR

62
M
R
G
PR

X1
G
PR

14
4

G
PR

27
KI

SS
 (G

PR
54

)
G
PR

85
G
PR

14
9

G
PR

14
2

G
PR

87
TA

AR
5

G
PR

14
6

G
PR

13
3

TA
AR

9
G
PR

17
3

G
PR

17
1

G
PR

32
SU

C
N
R

1
G
PR

84
G
PR

14
1

G
PR

15
G
PR

64
G
PR

63
N
PF

F1
G
PR

15
0

O
PN

3
G
PR

14
8

C
M
KL
R

1
G
PR

11
3

C
M
KO

R
1

M
R
G
PR

G
PK

2
G
PR

12
G
PR

26
G
PR

15
1

G
PR

39
G
PR

10
9B

G
PR

C
6A

M
AS

1L
G
PR

61
G
PR

19
G
PR

15
3

TA
1

TA
AR

6
G
PR

83
G
PR

13
2

G
PR

11
0

G
PR

C
5D

G
PR

C
5C

G
PR

C
5B

G
PR

C
5A

G
PR

78
G
PR

1
O
XG

R
1

O
PN

5
G
PR

25
G
PR

20
N
PS

G
PR

16
0

N
PB

W
2

PR
P

G
PR

18
2

G
PR

15
6

G
PR

11
6

G
PR

14
3

G
PR

31
G
PR

37
L1

G
PR

4
G
PR

37
G
PR

12
3

G
PB

A
G
PR

3
G
PR

17
G
PR

10
9A

G
PR

10
1

G
PR

35
G
PR

23
G
PR

52
G
PR

45
G
PR

16
1

M
R
G
PR

X2
G
PR

88
G
PR

6
M
AS

1
M
R
G
PR

F
M
R
G
PR

D
G
PR

55
G
PR

16
2

G
PE

R
G
PR

56
G
PR

92
M
R
G
PR

X4

Compound name
Tosufloxacin tosylate
Rifapentine
Rifaximin
Palonosetron hydrochloride
Tranilast
Amlexanox
Calcitriol
Nitazoxanide
Artesunate
Topotecan hydrochloride
Triptolide
Doxorubicin hydrochloride
Dactinomycin
Epirubicin hydrochloride
Homoharringtonine
6-Azauridine
Rolitetracycline
Tripelennamine hydrochloride
Lidocaine
Altanserin
CGS 15943
Loteprednol etabonate
D-cycloserine
Halometasone monohydrate
(-)-Cotinine
Desoximetasone
Flagentyl
Rizatriptan benzoate
Physostigmine
Medroxyprogesterone
Phenothiazine
N,N'-diacetyl-1,6-diaminohexane
beta-estradiol
Isoquercitrin
E-4031
Gabexate mesylate
Flumazenil
Oligomycin C
Methyltestosterone
Ftorafur
Mecillinam
Bicalutamide
Dexchlorpheniramine maleate
Valaciclovir hydrochloride
Ozagrel hydrochloride
Itopride hydrochloride
Montelukast sodium
moclobemide
Pinacidil monohydrate
Flubendazole
DuP-697
Galanthamine
Cinanserin
Rifabutin
Doxylamine succinate
L-694,247
7-Nitroindazole
Clotrimazole
Ramipril
Nifekalant hydrochloride
Oxiconazole nitrate
Lobeline hydrochloride
Nafadotride
Doxepin
Moxonidine hydrochloride
Chlordiazepoxide
Pramipexole
Ketoconazole
Cortisone
Parecoxib sodium
CCPA
Antabuse
Ezetimibe
Nateglinide
Omeprazole
Benazepril hydrochloride
Beclomethasone
Dolasetron mesylate
Diazepam
Oxacarbazepine
Rabeprazole
Tiagabine hydrochloride
Formoterol fumarate dihydrate
amidate
dihydrexidine
HTMT
Vinorelbine bitartrate
Vindesine sulfate
Memantine hydrochloride
Lansoprazole
Clobenpropit
Progesterone
remacemide
2-Chloroadenosine
Honokiol
Naltrindole
Linopirdine
otenzipid
Midazolam hydrochloride
Nefazodone
Ritonavir
Azelastine hydrochloride
Benproperine phosphate
Loxapine succinate
Lacidipine
Irinotecan hydrochloride trihydrate
Nifedipine
Nisoldipine
Idebenone
Carvedilol
Nelfinavir mesylate
Duloxetine
Bifemelane
Salmeterol
Indatraline
SDM25N
Sertraline
Duloxetine hydrochloride
Diphenylcyclopropenone
Nobiletin
Idarubicin hydrochloride
Mesoridazine
Perospirone hydrochloride
prochlorperazine
Trifluoperazine dihydrochloride
Fluphenazine hydrochloride
Paroxetine
Rimcazole
Maprotilline HCl
5-Nonyloxytryptamine
desloratidine
Amlodipine base
Lomerizine dihydrochloride
Toremifene citrate
Imatinib mesylate
Latanoprost
Tremulacin
Atracurium besylate
Pizotyline
Fluvoxamine
Benidipine hydrochloride
Cyproheptadine hydrochloride
Aripiprazole
Tegaserod maleate
Cetraxate hydrochloride
Amiodarone hydrochloride
CGS 12066B
Dehydroepiandrosterone
Testosterone
Lofepramine
Valdecoxib
Prazosin
Atomoxetine hydrochloride
Piceid
Resveratrol
RU 24969
Nimodipine
Triclabendazole
Trimebutine maleate
Nitrazepam
Paroxetine
Enalaprilat
clonidine
Lamivudine
Zacopride
5-fluoro-2-pyrimidone
Nimetazepam
Metylperon
Oxaprozin
AM-251
Cisapride
Bisoprolol fumarate
Roxatidine acetate hydrochloride
Milnacipran
Levorphan tartrate
SB 205607
Chlorpheniramine
Kitasamycin
Tacrolimus
Saquinavir mesylate
Bestatin
SKF 83566
Verapamil
Tolterodine tartrate
binospirone mesylate
R(+)-SCH-23390 hydrochloride
Pancuronium
Terazosin
Pramipexole hydrochloride
Alfuzosin
Donepezil
Zolpidem tartrate
1-benzylimidazole
Ormetoprim
Levofloxacin
Phenelzine sulfate salt
Carmofur
Pazufloxacin
Moxifloxacin hydrochloride
Methylandrostenediol
Ipriflavone
Vardenafil citrate
amiloride
Pioglitazone hydrochloride
2',3'-dideoxyinosine
Loxoprofen sodium
Levosulpiride
Salbutamol sulfate
Cephalexin monohydrate
Troxipide
Pidotimod
Miglitol
Bupropion hydrochloride
Irsogladine maleate
Actarit
Penciclovir
Goserelin acetate
Vincristine sulfate
Bifonazole
Rutin
Clofazimine
Nalbuphine
3'-deoxyadenosine
Viramune
Flurbiprofen
SR 57,227A
Raclopride
Deferiprone
Nitrendipine
Tryptoline
(±)-Vesamicol hydrochloride
Levetiracetam
Ticlopidine hydrochloride
amiridine
Efavirenz
Cefaclor
Riluzole
Doxapram hydrochloride
benzbromarone
hydrocortisone
Acarbose
Rosiglitazone maleate
Escitalopram oxalate
Huperzine A
Zeranol
Alprazolam
Telithromycin
Famotidine
Fenpiverinium bromide
Naftopidil
Mepirizole
AM 404
Glimepiride
PD 81723
Diphenoxylate
Lamotrigine
Finasteride
Felbamate
Crotamiton
Zafirlukast
Nizatidine
Taxifolin-(+/-)
Tocainide
Sumatriptan succinate
Secoisolariciresinol
Phenprobamate
Exemestane
Mepivacaine hydrochloride
Picrotin - Picrotoxinin
Naproxen sodium
Ampiroxicam
estrone
Sibutramine hydrochloride
Dextromethorphan hydrobromide
Racecadotri
Olanzapine
Mirtazapine
Dexbrompheniramine maleate
19-Nortestosterone
Quetiapine hemifumarate
Droperidol
Raltitrexed
Docetaxel
Pterostilbene
Tinidazole
Homoveratrylamine
Dehydrocholic acid
Indomethacin
Procarbazine hydrochloride
1,1-dimethyl-4-phenylpiperazinium iodide
Tramadol
Cefixime trihydrate
Pemoline
Meropenem
Diclofenac
Toradol
Sibutramine
MK-886
Lomifylline
Clarithromycin
Risperidone
Guanidine, N-cyano-N'-(1,1-dimethylpropyl)-N''-3-pyridinyl
Xanthinol nicotinate
Synephrine
Haloperidol
Famciclovir
2',3'-dideoxycytidine
Anisodine
Loratidine
Metronidazole
procysteine
Olmesartan medoxomil
Cilastatin sodium
Topiramate
Valsartan
Letrozole
Linezolid
Ondansetron hydrochloride
Maltol
Stiripentol
Ropivacaine hydrochloride
Amisulpride
Pergolide mesylate salt
Stanozolol
Granisetron hydrochloride
Cefatrizine propylene glycol
Cefpodoxime proxetil
Terbinafine hydrochloride
Orlistat
Isradipine
Zaleplon
Artemether
GR 79236
Prostaglandin E1
Lorazepam
Pilocarpine hydrochloride
Zileuton
Rosiglitazone hydrochloride
3-Pyridinemethanol
Buflomedil hydrochloride
Stavudine
Mifepristone
Diazoxide
Dichloroacetic acid
Itavastatin calcium
methotrexate
TFMPP
Piribedil
etomoxir
Modafinil
Urapidil hydrochloride
L-NMMA
Nicorandil
Telmisartan
mesalamine
Alosetron hydrochloride
Tropisetron hydrochloride
Ranolazine dihydrochloride
Olopatadine hydrochloride
Nicotinamide
Nialamide
Fluticasone propionate
Dofetilide
Delta1-hydrocortisone 21-hemisuccinate sodium salt
Idarubicin
Benactyzine hydrochloride
tacrine
Indinavir sulphate
ethynylestradiol
cytarabine
Torasemide
2-(2-aminoethyl)pyridine
LY 171883
Epigallocatechin gallate
Sulfasalazine
Pantoprazole sodium salt
Azasetron
Pirenperone
GR 89696
Mestranol
Cefdinir
Balsalazide
Lofexidine hydrochloride
Vecuronium bromide
Corticosterone
Tibolone
Calcipotriol
Mosapride citrate
Tadalafil
Rolipram
Esomeprazole magnesium
Cerivastatin sodium
Venlafaxine hydrochloride
Irbesartan
5-fluorocytosine
Anagrelide hydrochloride
Milrinone
Rofecoxib
Betaxolol hydrochloride
Esmolol hydrochloride
Zolmitriptan
Bupropion
Megestrol acetate
(±)-Sotalol hydrochloride
diphenhydramine hydrochloride
Ornidazole
Ifenprodil
Taxifolin-(+)
Mestanolone
Hyperoside
5-Methoxytryptamine
2-chloro-2'-deoxyadenosine
Icariin
Oxymetholone
Itraconazole
Mevastatin
Brucine
Etoposide
Trazodone hydrochloride
Pravastatin sodium
Pentoxifylline
selegiline
Ketotifen fumarate
Fenoldopam mesylate
Zardaverine
Voriconazole
Levonorgestrel
Anastrozole
Argatroban
Ebselen
Nornicotine
6-Aminoindazole
Piroxicam
Glycopyrrolate
Losartan potassium
Repaglinide
Levocetirizine
Citalopram hydrobromide
Fluperlapine
Oxyphenonium bromide
Ethylestrenol
Capsaicin
Temozolomide
Rufloxacin hydrochloride
Pefloxacin mesylate
Enrofloxacin

Lomerizine dihydrochloride
Toremifene citrate
Imatinib mesylate
Latanoprost
Tremulacin
Atracurium besylate
Pizotyline
Fluvoxamine
Benidipine hydrochloride
Cyproheptadine hydrochloride
Aripiprazole
Tegaserod maleate
Cetraxate hydrochloride
Amiodarone hydrochloride
CGS 12066B
Dehydroepiandrosterone
Testosterone
Lofepramine
Valdecoxib
Prazosin
Atomoxetine hydrochloride
Piceid
Resveratrol
RU 24969
Nimodipine
Triclabendazole
Trimebutine maleate
Nitrazepam
Paroxetine
Enalaprilat
clonidine
Lamivudine
Zacopride
5-fluoro-2-pyrimidone
Nimetazepam
Metylperon
Oxaprozin
AM-251
Cisapride
Bisoprolol fumarate
Roxatidine acetate hydrochloride
Milnacipran
Levorphan tartrate
SB 205607
Chlorpheniramine
Kitasamycin

Clotrimazole
Ramipril
Nifekalant hydrochloride
Oxiconazole nitrate
Lobeline hydrochloride
Nafadotride
Doxepin
Moxonidine hydrochloride
Chlordiazepoxide
Pramipexole
Ketoconazole
Cortisone
Parecoxib sodium
CCPA
Antabuse
Ezetimibe
Nateglinide
Omeprazole
Benazepril hydrochloride
Beclomethasone
Dolasetron mesylate
Diazepam
Oxacarbazepine
Rabeprazole
Tiagabine hydrochloride
Formoterol fumarate dihydrate
amidate
dihydrexidine
HTMT
Vinorelbine bitartrate
Vindesine sulfate
Memantine hydrochloride
Lansoprazole
Clobenpropit
Progesterone
remacemide

Kroeze, Sassano, Huang et al, Nature Structure Mol Biol 2015
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MRGPRX-FAMILY OF GPCRS ARE PRIMATE-SPECIFIC ORPHAN GPCRS
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MRGPRX4 is primate-specific bile acid receptor for 
histamine-independent itch in human
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Creation of a more selective MRGPRX4 
ligand
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Cao, Kang et al, Nature 2021



Creation of a more selective MRGPRX4 
ligand
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Cao, Kang et al, Nature 2021



Kate Lansu, Joel Karpiak, Wes Kroeze, Hye Jin Kang,
Reid Olsen, John McCorvy, Justin English, HHuiPing Ding, Mei-Chuan Ko

MRGPRX4 agonists induce itch in non-human primate model 
(Mei-Chuan Ko lab Wake Forest Pharmacology)
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MRGPRX4 has a positively charged extracellular surface

MRGPRX4
Negatively charged bile acids.

���������� ��Cao, Kang et al, Nature 2021



What about other MRGPRX-
family receptors?
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} MRGX RECEPTORS

Two GPCR Families Mediate Actions of Opioid Small Molecules and Peptides
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} CEPTORSMRGX REC

� 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)
� Small molecule antagonists potentially therapeutic for many disorders
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Considerable controversy exists regarding G protein pathway downstream of MRGPRX2
� Gq 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?



AActive Inactive

Opioids have unique structure activity relationships at MRRGX2
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DDocking for a specific tool � matched stereoisomeric pair, 
active & inactive, specific for MRGPRX2, no off-targets

Lansu, Karpiak et al, Nature Chem Bio 2017



High resolution cryo-EM structures of Gq- and Gi-coupled MRGPRX2 obtained 

Cao, Kang et al, Nature 2021
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Isha Singh (Shoichet lab)
Can Cao and Hye Jin Kang (Roth lab)
Soman Abraham lab (Duke)

Cao, Kang et al, Nature 2021
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Two GPCR Families Mediate Actions of Opioid Small Molecules and Peptides
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Yongfeng Liu, PhD Can Cao, PhD Jonathan Fay, PhD



YGGFMRRVGRPEWWMDYQKRYG

Peptide E

Proenkephalin � Met- and Leu-enkephalin

Signal peptide Peptide F

BAM1-22

VGRPEWWMDYQKRYG

BAM8-22
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Li et al, 2019

MRGX1 involved in nociceptive and pruritogenic sensations
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VGRPEWWMDYQKRYG

ML382
(PAM)

C1
(ORTHOSTERIC AGONIST?)

BAM 8-22
(ENDOGENOUS AGONIST?)

Ambiguous pharmacology and SAR
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ML382 is a potent and efficacious MRGPRX1 PAM



���������� Liu, Cao et al, Nat Chem Bio in press



BAM8-22

Gβ1

Gγ2

scFv16

MRGPRX1

miniGαq

BAM8-22

ML382

scFv16

MRGPRX1

Gβ1

Gγ2
miniGαq

Compound-16MRGPRX1

Gβ1
Gγ2miniGαq

MRGPRX1

scFv16

miniGαq

Gβ1

Gγ2

oGPCR #1

scFv16

Mas1

miniGαq Gβ1 Gγ2

oGPCR#2

scFv16

MRGPRX4

miniGαq Gβ1
Gγ2

MRGPRX4

scFv16

MRGPRX2

miniGαq Gβ1
Gγ2

scFv16

MRGPRX2

miniGαq Gβ1
Gγ2

scFv16

MRGPRX2

Gi1
Gβ1

Gγ2

scFv16

MRGPRX2

Gi1
Gβ1

Gγ2

MRGPRX2

MRGPRX2-Gi-ZIN3573MRGPRX2-Gq-ZIN3573 MRGPRX2-Gq-C14 MRGPRX2-Gi-C14MRGPRX4-Gq-MS47134

oGPCR#3 oGPCR #3 Apo

Gi1

G
β1

Gγ
2

Can Cao, PhD
Yongfeng Liu, PhD
Brian Krumm, PhD
Jonathan Fay, PhD
(Cao et al, Nature 2021; Liu et al Nat Chem Bio 2022)
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Brady-McClure and Roth NNature Reviews Drug Discovery, 2022

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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Kroeze et al, Nat Struct Mo Bio 2015
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Gabriel Aeschlimann of Ribosome Studio and 
Hamilton’s Pharmacopoeia
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Wacker et al, CCell 2017
Kim et al, Cell 2020
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Design of a large virtual Tetrahydropyridine library
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� � 75 million virtual 
tetrahydropyridines

Ellman lab, Yale | Irwin lab, UCSF

Levit et al, Nature in. press



� ()��**���� ������$

� ���+!����� � *���,��� �����!���$���-��� ��*!.�+!�����
!���������!����

� �//00�+���!*���!$�11��� ��������$�*� �����"2 .�!$���
)3�1��!����$�

� �*�+!3�����+�����$*���$����� ���!������!*������	���
145(!���� ���!*����
��� 1456!����������!*����
����
1414!��!��.���� ���!*����
���������������	���
��
��� 1415"

Ultra-large-scale docking of tetrahydropyridine 
library

��
Levit et al, Nature in. press
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Levit et al,Nature in p ress
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CryoEM structure of 5-HTR2AR/Gq with the novel, selective, Gq
biased agonist HM3366
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Roth lab, UNC | Skiniotis lab, Stanford
3.1 Å resolution
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Levit et al, Nature in. press



cryo EM structure superposes well with computational prediction

5HT2AR model and FEP predicted ligand pose 

5HT2AR CryoEM structure and ligand pose 

X Alvarez, K Kim, Y Yang; Skiniotis/Roth/Shoichet
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Levit et al, Nature in. press
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Ramona Rodriquez and Bill Wetsel, Duke
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C57BL/6J Mice (Learned Helplessness): 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.

.

Data analyzed by ANOVA;  
*p<0.05, Learned Helpless vs Non-Shock Controls; #p<0.05, vs. vehicle control

* # # #*
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C57BL/6J Mice: No Group Differences Found at Acclimatization; Relative to 
Cocaine, Neither R-(69) Nor R-(70) showed Conditioned Place Preference. 

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



Take home message

� Many new technologies for GPCR biology: TRUPATH (Olsen, DiBerto et al, NNature Chem 
Bio 2020; Che et al, Nature Comm 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, Nature 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 Chem 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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