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Viral protease (PR)
PhD student

HIV-1 Reaction mechanism

[1] A. Krzeminska, V. Moliner,* K. Swiderek*
J. Am. Chem. Soc. 2016, 138, 16283-98.
COVID19 Mpro reaction mechanism

[1] K.Swiderek*, V Moliner*

Chem. Sci. 2020,11, 10626-30.

COVID19 Mpro Inhibition
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RESEARCH INTEREST

L Fusion of the
HIV cell to the
host cell surface.

Reverse transciptase (RT) enzyme

HIV-1 Inhibition
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20S PROTEASOME - ROLE AND CHARACTERISTIC

Designed covalent inhibitors can be classified based on the nature of the electrophilic
warhead employed to interact with Thrl. Therefore, using this rule, eight groups of
covalent inhibitors can be distinguished such as aldehydes, boronates, epoxyketones, o-
ketoaldehydes, vinyl sulfones, syrbactins, bacteria-specific oxariazol-2-ones, and 3-
lactones.

However, inhibitory studies have led to just three peptide-like compounds approved by the
Food and Drug Administration (FDA) for cancer treatment: two peptide boronate inhibitors,
bortezomib (VELCADE) and ixazomib (NINLARO), and the peptide epoxyketone inhibitor
carfilzomib (KYPROLIS).
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The Nobel Prize in Chemistry 2004 : A. Ciechanover; A. Hershko, |. Rose "for the discovery of ubiquitin-mediated protein degradation.”
Huber, E.H. et al. Cell. 2012, 148, 727-738.
Saha, A and Warshel, A. PNAS 2021 118 just accepted.



20S PROTEASOME - ROLE AND CHARACTERISTIC

They can be classified based on the nature of the electrophilic warhead employed to
interact with Thrl. Therefore, using this rule, eight groups of covalent inhibitors can be
distinguished such as aldehydes, boronates, epoxyketones, a-ketoaldehydes, vinyl
sulfones, syrbactins, bacteria-specific oxariazol-2-ones, and B-lactones.

However, inhibitory studies have led to just three peptide-like compounds approved by the
Food and Drug Administration (FDA) for cancer treatment: two peptide boronate inhibitors,
bortezomib (VELCADE) and ixazomib (NINLARO), and the peptide epoxyketone inhibitor
carfilzomib (KYPROLIS).
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COVALENT INHIBITION OF PROTEASOME 20S

Ireversible inhibition

S1 pocket " R

Groll, M. et al. J. Am. Chem. Soc. 2006, 128, 5136-5141.

~ /B5-SalA

eacomer ICso
0.8 £ 0.08 nM

salinosporamide A
(SalA)




COVALENT INHIBITION OF PROTEASOME 20S

Reversible inhibition ! Irreversible inhibition

S1 pocket

S1 pocket -
S

Nguyen, H. et al. J. Org. Chem. 2011, 76, 2-12.

Groll, M. et al. Marine Drugs 2018, 16, 240. Groll, M. et al. J. Am. Chem. Soc. 2006, 128, 5136-5141.

B5-hSalA ; B5-SalA
|C5o 20S Proteasome | |C50
0.7 £ 0.04 nM 0.8 £ 0.08 nM

homo-salinosporamide A salinosporamide A
(hSalA) (SalA)

What is the origin of different inhibition character of SalA and hSalA?
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QM/MM MD METHODS

VTST Rate constant

Gibbs free
energy barrier

WHAM (Wighted Histogram Analysis Method)

Umbrella Sampling (US)

To study an enzyme catalyzed reaction within the substrate-
environment equilibrium approximation:
Transition State Theory (TST)

. f é\d\‘&v
=

PMF(s))
2
N
€\

Biased QM/MM (AM1/MM) MD simulation along a distinguished
reaction coordinate : Potential Mean Force

Spline correction method (M06-2X:AM1/MM)

Kumar, S.; Rosenberg, J. M.; Bouzida, D.; Swendsen, R. H.; Kollman, P. A.
J. Comput. Chem. 1992, 13, 1011-1021.

Ruiz-Pernia, J. J.; Silla, E.; Tufion, I.; Marti, S. J. Phys. Chem. B 2006, 110, 17663-17670.
Chuang, Y.-Y.; Corchado, J. C.; Truhlar, D. G. J. Phys. Chem. A 1999, 103, 1140-1149.
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QM/MM MD METHODS

Hydride transfer

PMF computed at semiempirical level (SE/IMM)

AM1IMM
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1 05 0 05 1 15
Proton transfer

His-192

25

Spline correction method (M06-2X/MM)

PM3/MM
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ooy
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Hydride transfer

Proton transfer
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RM1/MM K. Swiderek, I. Tufién, S. Marti, V. Moliner. ACS Catal. 2015, 5, 1172-1185.
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Spline correction method (M06-2X/MM)

QM/MM MD METHODS

PMF computed at semiempirical level (SE/IMM) Corrected PMF at M06-2X/6-31+G(d,p) level
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2 2 2 2
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o e 3 8
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> g >
= 25 * =>:‘ -1 05 0 0.5 1 1.5 2 2:5 E‘ -1 05 0 0.5 1 1.5 2 25
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05
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3 e g he
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T T £ z
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Proton transfer His-192 Proton transfer His-192 Proton transfer His-192 Proton transfer His-192
PDDGIMM RM1/MM mPWI1PW91:AM1/IMM MP2:AM1IMM

K. Swiderek, I. Tufién, S. Marti, V. Moliner. ACS Catal. 2015, 5, 1172-1185.



VTST Rate constant

Gibbs free
energy barrier

_____________

Tunneling Recrossing

AG
s - Fecrossing the barrier

dyEMIEREc ~". crossing the barrier
4

tunneling

Reactant complex

Product complex

Equilibium and Kinetic Isotope Effects

Q
Qb -1/RT(AZPE, -AZPE
IE = <L g VRT(AZPEA2PE)

Translational, rotational and vibrational contribution

Reaction progress —»

KIE = KIE® x 7L x KL — KIE® x KIE x KIE*

TH Ku
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QM/MM MD METHODS

Model for MM MD
simulations

simulations

60 A water sphere
centred on Thrl

16.9 nm

19.3 nm

PG R
S

527 831 atoms in total 152 390 atos

wu et

Model for QM/MM MD

wu gyt

ROYAL SOCETY

OF CHEMISTRY

ChemComm

View Article Online
View Journal | View Issue

FEATURE ARTICLE

CrossMark Computational tools for the evaluation of
laboratory-engineered biocatalysts

Cite this: Chem. Commun., 2017,

53,264 Adrian Romero-Rivera,® Marc Garcia-Borras® and Silvia Osuna*?
Accounting for: Useful for studying: References:
& | % _ % _
@ g % g g dé‘ £ E - g - S 2 3
" £ ] = t B - s 2 =2 25 [ Sz 5
Computational s s o s 2 % % ] 5 = g 3 - .g s g -
srategy | O | 2| 2| o | 2 |8 8| 8| 35 | 55| 8| B 3E 3
§| 2| g€ ¢8| 8 | =g | €5 | g8 | 2 B S 3
3| 2|8 3| & 8 o § S =
clustermodel | ¢/ | X | V| X | X vV |V 4 X X + 89,90 91-93
Theozyme V X i/ X X l/ l/ ‘/ X X * 84-87 88
am/Mm vViv|iv| Vv | X vV |V 4 X X ++ 94-96 97,98
awmmmp | V|V | V| V |V vV |V v X X — 99 99
EVB vViv|iv|iv | X vV |V v X X ++ 100-102 103,104
MD X|\V| V|V |V vV |V X v 4 + 105-108 109, 110
mc X\ v|v|v | v vV |V X v (4 + 111,112 113
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RECOGNITION STEP of SalA E + SalA < Ensal A2 E-pC

Chymotrypsin Site Secondary Plot

0.014 (1 ovvrreerr s o e -
S o Cat:::SalA S1::SalA S2::SalA o 1: N—— Exper[menta[ data
0 1 ] ™ (+/- 0.1 s >
B5 /]active conformer * L}‘ LIJ u LIJ M K =23 M@ 001 | Ki=28(+-9)nM ' J
L= +n o
9 2.0 A s o ! - > 0008 s !
%—20% ] g 3 § = 5 ® ICs0 = 2.0 £ 0.3 nM®@ i - J
£ T-4.0 | Er o ICso= 0.8 + 0.08® ot k.. .=0.015s1®
E] o = > N _ : Inact .
210% 2 o 9 Ei=-54.1 + 3.1 kcal-mol  ooz!’* |
o w60 & N i ‘
@ < 0 10 20 30 40 50 60 70 80
0% N e s m s S S e .80 - o [1]1nM
24 3 36 424854 6 667278 ® . Trypsin site Secondary Plot
Cat:::SalA S1::SalA S2::SalA ‘ ke a7
10% 135 0.0 g 1 e !
B jctive conformer — 20 M E g M EJ' o u Ki =97+ nM(a) Ao.oozs. g
F A w o " 0.002 |
% _g b > R - > g |C50 =59+1 nM(a) Ig(uoms |
S . = 40l 2 2 ] P © - + 70) £ )
; 5% | “ g 4.0 o S ! & E IC50=39%7 ooon [ Kinact = 0.0033 s 1(b)
g_ » . = w g Elnt = _45.8 i 3.3 kcal'mOl 0.0005
& T21 i \ M50 g N b s i s
O(y "(}.R‘] A20 03‘1 B 0 ] 0 200 400 [1!;0:M 800 1000 1200
b +—+ . -8.
24 3 36424854 6 667278 ‘
Cat::SalA S1::SalA S2::SalA e e ek
15% - 0.0 f .
[31 inactive conformer % u HJ u tTJ u K. > 1000 nM(a) 0,025 !
= <20 | = 4 ! !
< 10% E N3 = L W ® 2 1Csx=26002200nM@ o
2 §-4o ] s &8 L ° ICso=111%220 3
— - N X . {
2 oo | = 3 i = Eine = -42.6 + 2.8 kcal-mol ~ °” Kipact >> 0.02 s1(®)
a ur 6.0 A 5 0.005 ; e |
oo Lm0 80 % S
24 3 36424854 6 667278 Ul

Serrano-Aparicio, N. et al. ACS Catal. 2021, 11, 3575-3589.
(a) Manam, R. R. et al. J. Med. Chem. 2008, 51, 6711-6724.
(b) Groll, M. et al. Mar. Drugs 2018, 16, 240-249.



20S PROTEASOME INHIBITION WITH SalA

) 7 ¢

HO
H z H H
: : :
NG C/ N cooY o N COooY K l’-
o L5 HO'-Thr1 o=\ T O A i Cinact
Me OHYH \ Thr o 84 3 T E + SalA — EnSalA —— E-PC
2 3
Cl Cl cr
Salinosporamide A Product of inhibition

Groll, M. et al. J. Am. Chem. Soc. 2006, 128, 5136-5141 . .
Macherla, V.R. et al. J. Med. Chem. 2005, 48, 3684-3687 SalA-assisted mechanism




20S PROTEASOME INHIBITION WITH S&'*

o N~_—coor
HO-Thrt ~ O\ s 7 A "
0 @ Thr
NHY,

cr
Product of inhibition

Salinosporamide A

Groll, M. et al. J. Am. Chem. Soc. 2006, 128, 5136-5141

Macherla, V.R. et al. J. Med. Chem. 2005, 48, 3684-3687 SalA-assisted mechanism

2D-PMF M06-2X:AM1/MM

13 //'
0.7 |
s .
3 0.0
e
P A
0.7- -
: E-11®
L T T T
1.5 2.0 25
CV(3)

Applied collective variables are defined as follow:
CV(l) - d(oyThrl_HyThrl) _ d(HyThrl_OzsalA), CV(Z) - d(ozSalA_ClsalA) _ d(OVThrl—ClsalA),
CV(3) = d(HyThrl_NThrl), CV(4) - d(ozSaIA_c3SaIA) _ (C3SaIA_C|),

TS structures at M06-2X/MM




20S PROTEASOME INHIBITION WITH S&'*

o N~ —coor
HO-Thrt ~ O\ s 7 A "
0 @ Thr
NHY,

cr
Product of inhibition

Salinosporamide A

Groll, M. et al. J. Am. Chem. Soc. 2006, 128, 5136-5141

Macherla, V.R. et al. J. Med. Chem. 2005, 48, 3684-3687 SalA-assisted mechanism
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Applied collective variables are defined as follow:
CV(l) - d(oyThrl_HyThrl) _ d(HyThrl_OzsalA)’ CV(Z) - d(ozSalA_ClsalA) _ d(OVThrl—ClsalA),
CV(3) = d(HyThrl_NThrl), CV(4) - d(ozSaIA_c3SaIA) _ (C3S""'A—CI),

SalA

A TS16L

TS structures at M06-2X/MM




20S PROTEASOME INHIBITION WITH Salf‘

Salinosporamide A

Groll, M. et al. J. Am. Chem. Soc. 2006, 128, 5136-5141
Macherla, V.R. et al. J. Med. Chem. 2005, 48, 3684-3687
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Reaction progress

Product of inhibition

SalA-assisted mechanism
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Applied collective variables are defined as follow:

CV(l) - d(oyThrl_HyThrl) _ d(HyThrl_OzsalA), CV(Z) - d(ozSalA_ClsalA) _ d(OVThrl—ClsalA),
CV(3) = d(HyThrl_NThrl), CV(4) - d(ozSaIA_c3SaIA) _ (C3SaIA_C|),

TS structures at M06-2X/MM




20S PROTEASOME INHIBITION WITH SalA Active site of the B5 subunit

th45
L
HO@ Hogj g) S s
HY P H = et
o L4 HO'-Thr1 NS G N TR ®
e i OH HoN Thr1 N, Thr1
ci ci NH, 0] Aep17
Salinosporamide A Product of inhibition S P
o
ﬁfélr%e“flé?t\/élré.Jét/\ o5 Ve f:?;nfoggoslz fé,5 36603667 SalA-assisted mechanism e HOAL 5
H
CH3 H2N \ﬁ\Thﬂ Thr2
,X-ray data on the B5-D167N mutant indicate that the (35 &,
propeptide is hydrolysed, but due to reorientation of Ser1290H, 777
----- R

the interaction with Asn166-0° s disrupted”

msmw
@\\ Ser‘|30 0
Huber E.M. et al. Nat. Commun. 2016, 7, 10900

Tyr169




20S PROTEASOME INHIBITION WITH SalA pctive sit of the b5 subunit | 1. i
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Groll, M. et al. J. Am. Chem. Soc. 2006, 128, 5136-5141 . . O <« HOY ’
Macherla, V.R. et al. J. Med. Chem. 2005, 48, 3684-3687 SalA-assisted mechanism o
H
- CH3 H2N \ﬁ\Thﬂ “Thr2
» The proof for the key function of Lys33 was obtained from the 5-
K33A mutant, with the propeptide expressed separately from the
main subunit. The Thrl N terminus of this mutant is not blocked by — Nw”  OH - @Y\
the propeptide, yet its catalytic activity is reduced by ~83%.” @\\ s el o eP1e7
er
Huber E.M. et al. Nat. C . 2016, 7, 10900 i idie-
uber E.M. etal. Nat. Commun Tyr169 Lysine residue:
pKa 10.5

pKahe" 9,48




20S PROTEASOME INHIBITION WITH SalA

—_—
HO'-Thr1

Cr
Salinosporamide A Product of inhibition

Groll, M. et al. J. Am. Chem. Soc. 2006, 128, 5136-5141

Macherla, V.R. et al. J. Med. Chem. 2005, 48, 3684-3687 SalA-assisted mechanism
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NH, NHV

—_—
HO'-Thr1

coo
> Thr1

cl Cr
Salinosporamide A Product of inhibition
Huber E.M. et al. Nat. Commun. 2016, 7, 10900 Lys_assisted mechanism

Groll, M. et al. Marine Drugs 2018, 16, 240

@

Tyr169

Active site of the B5 subunit Rl
Met45 A,
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Ser1 30

Lysine residue:
pKa 10.5
pKatheor 9.48




20S PROTEASOME INHIBITION WITH SalA

—_—
HO'-Thr1

Cr
Salinosporamide A Product of inhibition

Groll, M. et al. J. Am. Chem. Soc. 2006, 128, 5136-5141

Macherla, V.R. et al. J. Med. Chem. 2005, 48, 3684-3687 SalA-assisted mechanism

Lys33 Lys33
T T
NH, NHV

—_—
HO'-Thr1

coo
> Thr1

cl Cr
Salinosporamide A Product of inhibition
Huber E.M. et al. Nat. Commun. 2016, 7, 10900 Lys_assisted mechanism

Groll, M. et al. Marine Drugs 2018, 16, 240
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20S PROTEASOME INHIBITION WITH SalA 2D-PMF M0G-2X:AML/MM

Lys33 Lys33
“T" Lys33 T~ Lys33
. NH'; ~
NHr’3 HO @ NH/3 HO
HO, ) ® H HO ® HY
H N H

Lys33

NG

<0

cl o] cl cr ) g FS30. 10
EeSalA Salinosporamide A E-TLL E-12L) Product of inhibigignL) <E-|21L
. \\ T T T T T T 7T T T T
HoeaERdLAp Al NCasralA BB & 410221, 11, 3575-3589. Lys-assisted mechanism -1.5 0.5 0.5 1.5 15 20 25 30 35
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Applied collective variables are defined as follow:
CV(Z) = d(ozSaIA_ClsaIA) _ d(oyThrl_C]_SalA)’ CV(5) - d(ovThrl_HyThrl) _ d(HyThrl_NZLyS33),
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TS structures at M06-2X/MM

Serrano-Aparicio, N. et al. ACS Catal. 2021, 11, 3575-3589.
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The existence of E-Tl is especially interesting since the formation of a tetrahedral
intermediate was previously excluded based on experimental studies on -lactone
inhibitors in serine proteases.

It was suggested that the tetrahedral TSs generated in the acylation reaction may
not be stabilized, and thus the relief of high ring strain energy associated with the
lactone ring cleavage may constitute the driving force for the acylation reaction.
Kim, D. H. et al. Bioorganic Med. Chem. 2002, 10, 2553-2560
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FORMATION OF THP vs. THF

The proposed hypothesis explaining the absence of the THP in the
crystal structure suggests that a longer chloro-n-propyl group of
hSalA adopts an extended conformation in the active site of
proteasome that can prevent the ring closure.

However, in the same studies, it was shown that this group is highly
flexible, which was confirmed by experimentally measured high
values of B-factor for this fragment. Therefore, it is expected that
rotation from extended to closed conformer should not be
expensive.

It was found that the gauche conformer is metastable intermediate
in the enzyme, which confirms the prediction from experimental
studies that assumes a short half-time for this inhibitor sidechain
orientation.

Free energy computed for THF and THP formation (PC) in the aqueous
solution and the active site of the 20S proteasome. Values are given in
kcale mol'.
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Figure 4. Free energy surfaces for intramolecular cyclization step for A. SalA
and B. hSalA in the agueous solution.
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STABILIZATION OF THE FINAL INHIBITION PRODUCT
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Overlay of the crystal structure of the final product of inhibition of f5-subunit of yeast 20S
proteasome (in grey) by hSalA with and human variant delivered from the M06-2X/MM
optimization E-PC©H (in green).
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hSalA as COVALENT REVERSIBLE INHIBITOR

Table 1. Covalent inhibition strategy for SalA and hSalA.

Class of inhibitor Schemel?!
. . o o4 . Ki kinact
Irreversible inhibition Classical E+ ]S Eol S E—T
K.
Covalent reversible E+Il—Enl 2 E-I
. ey ensas X;
Reversible inhibition Slow Substrate ra1B e P E+P

slow

[a] where the Ki is the inhibition constant that measures binding affinity, and kinat is the inactivation rate constant, that
measures chemical reactivity.
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SUMMARY Mechanism of Covalent Inhibition

O A new mechanism of inhibition with SalA was proposed, that involved the active of B5-subunit of 20S Proteasome

role of the Lys33-Aspl7 diad in the active site of Proteasome 20S. with slgl-ig-:»_

O Intramolecular Cyclization Step Determines the Character of the Human 20S

Proteasome Covalent Inhibition with SalA and hSalA.

PERSPECTIVES

Q Isrole of Lys33-Aspl7 confirmed for autolysis and proteolysis processes?

0 How is K33A variant still able to catalyze this process with reduced activity?
O A novel reaction mechanism involving irreversible crosslinking of the proteasomal

active site (K33-T1 crosslink)

HN,
crosslinking . B5
HsN

O Designing of new inhibitors in collaboration with Dr F. Gonzalez (UJI,Spain) and Prof. A. Chari (Max Planck Institut, Germany)
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