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Abstract:

N-acylethanolamine acid amidase (NAAA) is an N-terminal cysteine hydrolase involved in
the hydrolytic inactivation of the lipid mediator palmitoylethanolamide (PEA), showing an
optimal activity in acidic conditions. Starting from the X-ray structure of the human NAAA
we investigated the mechanism of the hydrolytic inactivation of PEA operated by NAAA,
using a multiscale approach in which we combined molecular dynamics and
mechanical/molecular mechanics (QM/MM) simulations coupled with enhanced sampling.
Our simulations pointed out the critical role of the proton configuration of the catalytic
residue, Cys126, and of the acid residues situated in the close proximity to the active site
in preserving the architecture of the catalytic site. Starting from a stable Michaelis
complex, we reconstructed the free energy profile of NAAA acylation and deacylation
occurring during the PEA hydrolysis. Our results outlined the acylation as the rate-limiting
step of the entire reaction, in which Cys126 acts as an acid, able to protonate the leaving
group, and as a nucleophile, giving a nucleophilic attack on the substrate carbonyl carbon.
As supported by kinetic experiments, in which we demonstrated that NAAA can efficiently
hydrolyze palmitoyl methyl amide (PMA), the ethanol portion of PEA does not play an
indispensable role in the reaction.

Keywords: cysteine, free-energy surface, hydrolysis, NAAA, palmitoylethanolamide,
QM/MM.
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Introduction

N-acylethanolamine acid amidase (NAAA) is a lysosomal hydrolase that regulates the levels
of palmitoylethanolamide (PEA), which suppresses inflammation and nociception
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Introduction
* NTN hydrolase

—Autocleavage in acidic conditions generates the a and B subunits

—>The binding site is at the interface between the a and B subunits
e Catalytic site

—>C126 is the N terminal catalytic residue
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Introduction

60
* NAAA has a sharp pH-activity profile, with a §
maximum at pH 4.5 E
o Wang et al. 2008 Biochim.Biophys.Acta 1781, 710-717 § T
=
=
2 20F
— The dynamics of modelled NAAA depends on the 3
protonic state of key ionizable centers Z
- Issues " i 8
o Non-trivial assignment of the protonation state pH

of

* the catalytic residue (terminal amino group
and thiol group of Cys126)

* carboxylic groups surrounding the active site




Results and discussion

Effect of the protonic configuration on
NAAA stability via MM studies

e Xray of hNAAA in complex with
ARN19702

* Supervised assignment of the protonic
configuration

¢ Configurations with different protonic
~ states (COOH/COO, SH/S", NH,*/NH,)

. were sampled

—>C126 modelled as thiolate and
with the neutral amino
group/D145 modelled in its
neutral form

—>stable NAAA-inhibitor complex

Scalvini et al. 2020 ACS Catalysis 10, 11797-11813
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Results and discussion

QM/MM studies of the model of
hNAAA-PEA complex

e Evaluation of proton-distribution
equilibrium in presence of the substrate
(PEA)

e Study of the mechanism of PEA
hydrolysis

- QM/MM studies at the
SCC-DFTB3/AMBER level of theory

Scalvini et al. 2020 ACS Catalysis 10, 11797-11813
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Results and discussion

Equilibrium of the proton distribution via QM/MM studies for NAAA-PEA complex

* Proton transfer among D145-C126 ionizable centers for the Michaelis complex
(NAAA-PEA)

 Umbrella Sampling simulations (350ps)

[(OD145' HA) - (NC126 - HA) + (NC126' HB) - (SC126 - HB)] 55_

5.0}

O |
>\’D145 el
O 4.0

HAO =

£ 35

‘_8 3.0;

H~N«HB‘3 i—?zs

S 20}

S a |
C126)\/ 15|

1.0}

0.5}

0.0l ‘ ‘ i i
—~4.98 —4 08 —3 18 —2 28 —1 38 —0 48 0. 42 1.32 2.22 3.12 4.02

Reaction coordinate (A) - PROTON TRANSFER

Scalvini et al. 2020 ACS Catalysis 10, 11797-11813

" The 7th International Electronic Conference on Medicinal Chemistry

01-30 NOVEMBER 2021 | ONLINE




Results and discussion
Mechanism of PEA hydrolysis — ACYLATION STEP
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e 2D-Umbrella sampling simulations coordinates (60 ps)

X: [(CPEA - NPEA) _ (CPEA- SC126)]

Y: [(Sci26 - Hezg) = (Npea - Heaog)]

Scalvini et al. 2020 ACS Catalysis 10, 11797-11813
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Results and discussion

Free-energy surface for the acylation step
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Results and discussion
Mechanism of PEA hydrolysis — DEACYLATION STEP
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* 2D-Umbrella sampling simulations coordinates (60 ps)

X: [(Cpea- Sci26) = (Owyar - Coea )

Y: [(OWAT- HWAT) - (HWAT_ NC126)]

Scalvini et al. 2020 ACS Catalysis 10, 11797-11813
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Results and discussion

Free-energy surface for the deacylation step

N



Results and discussion

Investigation of the role of the amine leaving group

The high similarity of free-energy profile for NAAA acylation from PEA and PMA suggests that
the ethanol moiety has a marginal role in catalysis
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Results and discussion
Investigation of the role of the amine leaving group

R-methyl e MD simulations of NAAA in complex with PEA, S- and
R-methylPEA
e Polar interactions between the hydroxyl group and

D145 are more frequent for the S-methyl derivative
than PEA and R-methyl PEA
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Results and discussion
Investigation of the role of the amine leaving group

R-methyl e MD simulation results mirror biochemical experiments

0
HO\/LNJ\/\/\/\/\/\/\A e relatively bulky polar groups can be accommodated
H

within the entrance of NAAA active site
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Conclusions

e A fine regulation of the protonation state of amino acids within the active site is
fundamental for the conformational stability of the enzyme

e MD simulations allowed the identification of an optimal configuration of
Cys126 and of close ionizable groups

e QM/MM studies support an acid-catalyzed acylation mechanism for PEA hydrolysis
e Energetics of the modelled reaction is consistent with catalytic activity

e Our model explain the role of the leaving group and provide a rationalization for
the effect of different substituents at ethanolamine chain
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