Structural insights on the SARS-CoV-2
Main Protease maturation process
and inhibition
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SARS-CoV-2 Genome Organization CIBFar ‘ ASAP

ACCESSIBLE ANTIVIRALS TO PREVENT PANDEMICS
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SARS-CoV-2 proteases CIBFar ‘ ASAP

ACCESSIBLE ANTIVIRAL

S TO PREVENT PANDEMICS

Cleavage sites [ase] [vask]
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SARS-CoV-2 Main Protease (Mpro) C!BF\GA‘ASAP

« Cysteine protease with dimeric structure

« Responsible for the cleavage of 11 sites of the polyprotein, including its own N
and C-terminal

« Over 600 structures deposited on PDB (March 2023)
« Key target for antiviral development
« Lack of information about its self-maturation process

Domain I

Domain Il

Domain |

Protomer A

Main Protease (MP™)
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SARS-CoV-2 Main Protease Maturation C!BF&;‘ASAP

* If the protein is active only as a dimer, how copies of immature MP,
still as part of the entire viral poliprotein, get together to conduct its

self-cleavage ? ,g
&
* The N and C-terminus processing occurs within a dimer (cis-cleavage) A % N
or between two distinct dimers (trans-cleavage) c\% #

* What are there conformational changes involved ?

* Can NEW CAVITIES be identified in the immature MP™ , that could be

pro
explored for early inhibition of the protease activity ? Immature M

protomers
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SARS-CoV-2 Mpro constructs

CIBFar ©ASAP

« Immature form IMT MP*
« Mature or native MPro
e (C145S mutant
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S TO PREVENT PANDEMIC

SARS-CoV-2 Main Protease CIBFar AS AP

In-solution characterization:

« IMT-Mpro has reduced activity and is monomeric in solution

« (C145S Mpro is inactive and a mixture of oligomeric states ranging from monomers to tetramers
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SARS-CoV-2 Main Protease

(CIBF@! @ASAP

ACCESSIBLE ANTIVIRALS TO PREVENT PANDEMICS

SARS-CoV-2 Main-Protease Constructs:
* Immature form
e  Mature or native

e (1458 mutant
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1st SIRIUS External users experiment

SIRIUS, Campinas — SP - September 2020
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Agéncia M FAPESP  NOTICAS  AGENDA  VIDEOS

Primeiro experimento realizado no Sirius busca
desenvolver farmaco para COVID-19

000060 20000

Maria Fernanda Ziegler™ | Agéncia FAPESP — Por meio de um
potente feixe de luz sincrotron foi possivel determinar, em trés dias, a
estrutura de mais de 200 cristais de duas proteinas do novo
coronavirus (SARS-CoV-2).

Em sua estreia, linha de cristalografia de proteinas analisou mais de 200
novo coronavirus, expostos a pequenas

A investigacéo realizada por pesquisadores do Instituto de Fisica de - famcicos Gatieilon: EAReck NG Sepie a0

S&o Carlos da Universidade de Séo de Paulo (IF-USP) tem
importancia néo s6 pela tematica — essencial para o desenvolvimento
de um possivel farmaco contra a COVID-19 —, mas também pelo seu

carater de ineditismo




Crystal structure of IMT-Mpro b!B&g ‘ ASAP

ACCESSIBLE ANTIVIRALS TO PREVENT PANDEMICS
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Crystal structure of C145S Mrro CIBFar A SOA P
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Adapted from NOSKE, G.D. et al, IMB, 2021



C145S Mrre self-cleavage analysis

CIBFar W ASAP

ACCESSIBLE ANTIVIRALS TO PREVENT PANDEMICS
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C145S Mrre self-cleavage analysis

EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

Fluorescence (RFU)

180 -
170:
160 -
150:
140
130:
120:

110 +

T=0h
T = 24h
T =48h

100

Time (min)



Model for MPo maturation process
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Immature MP™

N-terminal

Both cis and trans?

What does triger dimerization?

Adapted from NOSKE, G.D. et al, IMB, 2021

C-terminal
cleavage

Dimer I1

MP"° tetramer

Mature MP™
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A Crystallographic Snapshot of
SARS-CoV-2 Main Protease
Maturation Process

j.imb.2021.167118
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Cryo-EM structure of C145S Mpro

CIBFar @ ASAP
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Import 13,770 Movies in Relion v3.1

ACCESSIBLE ANTIVIRALS TO PREVENT PANDEMICS
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CIBFar

)

Cryo-EM of MP™ -Only 68 kDaat 3.5 A !!

EMDB entries: Size vs. Resolution
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Cryo-EM structure of C145S Mpro CIBFar ‘ ASAP

ACCESSIBLE ANTIVIRALS TO PREVENT PANDEMICS
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Adapted from NOSKE, G.D. et al, Nat. Commun, 2023



Cryo-EM structure of C145S Mpro blB&g ‘A SAP

ACCESSIBLE ANTIVIRALS TO PREVENT PANDEMICS

Unfolded MpP
monomer

CHAIN A CHAIN B

CHAIN B
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Unfolded Mmpre

monomer

Unfolded mpe Unfolded mpe
monomer monomer
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Adapted from NOSKE, G.D. et al, Nat. Commun, 2023



Native MS - C145S Mpro

CIBFar

ASAP

I ACCESSIBLE ANTIVIRALS TO PREVENT PANDEMICS
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Inhibitor effects in oligomerization

CIBFar @ ASAP
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Native MS - C145S Mpro CIBFar @ ASAP

ACCESSIBLE ANTIVIRALS TO PREVENT PANDEMICS

C145S MP°o monomers




Native MS - C145S Mpro

CIBFar W ASAP

ACCESSIBLE ANTIVIRALS TO PREVENT PANDEMICS
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Adapted from NOSKE, G.D. et al, Nat. Commun, 2023 24



ACCESSIBLE ANTIVIRALS TO PREVENT PANDEMICS

Overview of Mrro cleavage process CIBFar ‘A SAP
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Conclusions and perspectives CIBFar ASAP

« N-terminal cleavage is NOT critical for dimerization
- Dimerization is induced by covalent linkage

« Multiple oligomeric states can co-exist and act both cis and trans during
maturation

« Structural information can guide the development of a new generation of Mpro
inhibitors targeting intermediate steps of the maturation process

AR
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B
Immature Dimeric

Mpro C \ N
M Dimerization Dimer Trans-cleavage association Trans-cleavage
onomers N-terminus C-terminus

Dimer |

Mature Mrre
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Adapted from NOSKE, G.D. et al, IMB, 2021
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The main protease from SARS-CoV-2 (M™) is responsible for cleavage of the
viral polyprotein. M*™ self-processing is called maturation, and it is crucial for
enzyme dimerization and activity. Here we use C1455 M™ to study the struc-
ture and dynamics of N-terminal cleavage in solution. Native mass spectro-
scopy analysis shows that mixed oligomeric states are composed of cleaved
and uncleaved particles, indicating that N-terminal processing is not critical for
dimerization. A 3.5 A cryo-EM structure provides details of MP™ N-terminal
cleavage outside the constrains of crystal environment. We show that different
classes of inhibitors shift the balance between oligomeric states. While non-
covalent inhibitor MAT-POS-e194df51-1 prevents dimerization, the covalent
inhibitor nirmatrelvir induces the conversion of monomers into dimers, even
with intact N-termini. Our data indicates that the MP™ dimerization is triggered
by induced fit due to covalent linkage during substrate processing rather than
the N-terminal processing.

CIBFar W ASAP
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