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PON1, PON2, and PON3 belong to a family of lactone hydrolyzing enzymes endowed with various substrate specificities.
Among PONs, PON2 shows the highest hydrolytic activity toward many acyl-homoserine lactones (acyl-HL) involved in
bacterial quorum-sensing signaling.
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| 1. Introduction

Paraoxonase 2 (PON2) is the oldest member and the most potent quorum quencher of the paraoxonase family,
nevertheless it is less studied than PON1. Its intracellular localization, in contrast to PON1 and PON3 secreted
extracellularly, makes PON2 studies more challenging. In fact in cells functional assays to measure its activity in different
compartments are still not available and the lack of the 3D structure does not allow one to clarify reaction mechanisms.
The most common PON2 polymorphisms are associated with its decreased lactonase activity and with a higher risk for
coronary artery disease (CAD) and Alzheimer’s disease. From 2010 it was highlighted PON2’s ability to reduce oxidative
stress in mitochondria and to prevent apoptosis in the endoplasmic reticulum LIZEI4 with a still unclarified mechanism
suggested to be independent from the lactonase activity 1. From here on scientists explored PON2 antioxidant effects, its
role in preventing heart failure & and its involvement in any type of tumor &,

Scientists are focusing on individual aspects of PON2. Of the 996 PON2 papers produced from 1998, 792 were published
in the last 10 years. This huge amount of information needs to be collected and summarized allowing scientists to look at
the whole picture of PON2 functions and roles while continuing to elucidate single mechanisms.

| 2. PON2 Structure and Function
2.1. Gene and Localization

Based on a phylogenetic analysis, PON2 emerges as the oldest member of this family, with PON1 and PON3 evolving
from PON2 [l Their genes, which reside on the same cluster on chromosome 7 [, share about 70% sequence identity.
It is worth noting a structural similarity of PONs members with the endoplasmic reticulum (ER)-resident molecular
chaperone MEC-6 [&. At the genomic structure level, PON2 is arranged in nine exons encoding a protein of 355 amino
acids, approximately 40-43 kDa in mass. PON2 displays a 66% sequence identity and 81% similarity with PON1, at least
considering the most abundant form of PON2 29, PON1 and PON3 are extracellular proteins secreted in plasma and
bound to high-density lipoproteins (HDLs). Their expression is predominant in the liver and kidneys 21121311141 pON?2, in
contrast, is a ubiquitously expressed intracellular protein 5. It localizes in the perinuclear region, the endoplasmic
reticulum (ER), mitochondria [, and associates with plasma membrane fractions 28, In summary, although PONs are
very similar in their amino acid sequences, they have different functions and are found at different locations. For a recent
review more focused on PONL1 structure and mechanism see [,

2.2. PON2 Model

PON1 was the first HDL-associated protein and the only PON family member for which the structure has been elucidated
(17 (PDB ID: 1V04). The first crystallized PON1 is a recombinant variant from rabbit, highly similar in sequence to human
PON1 (Figure 1).



Figure 1. PON1 protein structure. Side view of the six-bladed propeller-like structure of PON1. The top left side of the
structure (molecular surface colored by atoms and ribbon view in transparency) shows the retained N-terminal helix A and
helix B taking contact with a schematic lipid surface (phospholipids of a high-density lipoprotein (HDL) particle; membrane
in the case of PON2). The N and C termini and the two calcium atoms (green balls) localize in the central tunnel of the
propeller. The ribbon of PON1 molecule is colored by chain progression. Residues interacting with the two calcium ions
and phosphate are shown with line representation (inset). Red balls are water molecules. Picture was drawn by the Pymol
program (The PyMOL Molecular Graphics System, Version 2.0. Schrddinger, LLC.).

The overall architecture of PON1 is a p-propeller with six blades and a central tunnel; each blade consists of four 3-
sheets. A disulfide bridge between Cys42 and Cys353 forms a covalent closure between the N and C termini; the two Cys
are conserved throughout the PON family L1971 Two calcium ions, one at the top of the structure (Cal) and one in the
central tunnel (Ca2), are present at a distance of 7.4 A. The calcium at the top, considered to be the catalytic calcium,
interacts with the side chain oxygens of Asn224, Asn270, Asn168, Asp269, and Glu53 (line representation in Figure 1
inset). The central calcium ion may contribute to the protein's structural stability LAML8 Al three PONs diverged as
independent genes during evolution and expansion, but they maintained a common active site and catalytic machinery.
The PONL1 glycosylated sites (Asn253 and Asn324) important for structure and high catalytic activity are highly conserved
throughout the whole gene cluster. In PON2 four putative N-linked glycosylation sites (Asn 226, Asn 254, Asn 269, and
Asn 323) have been predicted to be present, but only two out of them have been validated experimentally: Asn 254 [19120]
and Asn 323 [, Furthermore, overexpression in human umbilical vein endothelial 926 cells (EA.hy) of the full-length
PON2 protein, and its mutants at positions 254 and 323, demonstrated them as glycosylation targets and that
modifications seem requested for the enzyme hydrolytic activity 1. PON2 is a type Il transmembrane protein, with its N-
terminal region identified as a single transmembrane domain, whereas the catalytic domain corresponds to the C-
terminus, located extracellularly in the case of plasma membrane localization. Its role here should be to counteract lipid
peroxidation 21 as PON1 does in other districts. PON2 3D models have been built based on the 3D structure of the
homologue PON1 (PDB codes: 1v04 22 and 4Q1U 23y, The structure of PON2 (as inferred from PON1) is characterized
by the first a-helix (H1) at the N-terminus protruding from the globular structure and the hydrophobic H2 likely interacting
with the lipid bilayer (Figure 2). The loop between the strand D6 and H1 a-helix is involved in the structural stabilization of
PON1 by several interactions 4. Looking at the PON2 model (Figure 2), the regions 18-31 and 92—-109 were quite
dissimilar in sequence from PON1. The residue ASN105 of PON1 seems missing in PON2.

Figure 2. Structural superposition between PON1 and PON2 model. Superposition between PON1 structure (residues
16-355; cyan) and PON2 3D model (residues 16—-354; yellow), with highlighted (in red) regions 18-31 and 92-109
mentioned in the text.



2.3. PON2 Activities

PONZ2 has a calcium-dependent hydrolytic activity on lactones, esters, and aryl esters 24 and in addition it functions as an
antioxidant enzyme (Figure 3). PON2 over-expression is capable of lowering the oxidative state of cells, to prevent and to
reverse the cell-mediated oxidative modification of low-density lipoprotein (LDL) and therefore blocks the ability of mildly
oxidized LDL (MM-LDL) to induce monocyte chemotaxis 24l The redox function reduces the levels of reactive oxygen
species (ROS) thus displaying an antiapoptotic effect Bl. However, none has so far demonstrated that the anti-ROS
activity is truly catalytic. This is an aspect that deserves to be explored in the next future. In contrast with PON1 and
PON3, PON2 does not show hydrolytic activity toward phosphotriesters 241251 g|beit faint PTE activity has been recently
reported for a mutated recombinant PON2 version [22],
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Figure 3. PON2 activities. PON2 with its lactonase activity is able to hydrolyze the quorum sensing signaling molecules
used by bacteria during infection. This catalytic activity results in biofilm inhibition and defense from pathogenic infections.
PON2 also has antioxidant activity reducing oxidative stress in mitochondria and in the endoplasmatic reticulum with
different mechanisms as described in this review (Section 4; 4.1; 4.2). The PON2 redox activity inhibits apoptosis and
prevents the formation of atherosclerotic lesions.

2.4. PON2 Isoforms

Seven PON2 mRNA isoforms have been described B9 Some of them include small MRNA size variations that are
produced by alternative splicing of the primary transcript, or by use of a second transcription start site. These transcripts
predict significant alterations in the deduced proteins such as the premature truncation after 50 or 84 residues (transcript
I.3A and 1.3B, respectively), the lack of 86 N-terminal residues (transcript Il), or the loss of the second putative Ca®*
binding loop (transcripts 1.5A and 11.5A) 9. Which of these alternate PON2 transcripts are translated in vivo, and what the
biological significance of such variations is, it remains to be established. At the protein level, three isoforms corresponding
to alternative splicing are described 23], The canonical full-length protein 354 aa (39,381 kDa), an isoform that differs from
the canonical sequence as follows: 1-16: MGRLVAVGLLGIALAL ~ MGAWVGCGLAGDRAGF (transcript 1) & and a third
isoform missing the region: 123-134 (342 aa; 37,980 kDa) (281271 While the existence in vivo of the canonical PON2
isoform was obvious from several studies, the existence and function of the two non-canonical isoforms as expressed
proteins is still a matter of debate. In our recent paper 23, peptides corresponding to these two isoforms were identified by
mass spectrometry (MS) of endogenous PON2 immunoprecipitated in HelLa cells. This result defines the presence in vivo
of the non-canonical isoforms as expressed proteins. The isoform with the deletion of twelve amino acids of exon V lacks
one residue of the active site (His134) that helps to increase His 115 basicity in the homologous PON1 structure 1722
Therefore, it is highly likely that its deletion makes the protein substantially inactive 2. The mutant 123-134delrPON2
harboring the deletion was produced in E. coli and a small-angle X-ray scattering (SAXS) method was applied for the
structure reconstruction of this protein. The results showed a disordered protein suggesting that this isoform is
unstructured and mostly inactive, as catalytic activity assays also demonstrated 23!,

2.5. PON2 SNPs

PON2 possesses unique properties that distinguish it from PON1 and PON3. PON2 is ubiquitously expressed in many
different tissue types and is highly expressed in the vital organs, such as heart brain and lungs. Early research revealed
that PON2 is exclusively found intracellularly, wherein it functions as an antioxidative protein by reducing intracellular and
local oxidative stress. Studies in the last five years have demonstrated that PON2 protects against atherosclerosis by
preventing LDL oxidation, reversing the oxidation of mildly oxidized LDL, inhibiting monocyte chemotaxis, and increasing
cholesterol efflux. Recently, emerging evidence has proposed that PON2 is antiatherosclerotic and may be associated



with cardiovascular disease (CVD). The number of investigations concerning the relationship between two common PON2
polymorphisms and CVD among different ethnic groups and regions is rapidly growing. Here, we briefly review the
developments in PON2 research by focusing on past and recent findings. In 1996 two polymorphisms were detected in
PON2 coding sequences in the Pima Indians and Caucasians that predict an A148-G148 and an S311-C311
substitution in the protein deduced from the transcript | . The clear concordance of the genotypes between both
polymorphisms in the Pima Indians and Caucasians indicates a strong disequilibrium between these variants. Considering
the potential importance of the conserved cysteines in PON1 28 it is intriguing to speculate that the introduction of an
additional cysteine by the polymorphism at codon 311 may affect the structure and/or function of PON2. However, from
the PON2 model the putative Cys311 is far away from the other cysteines (e.g., Cys284), excluding interference with or
formation of a new bond. Cys284 in PON1 has been reported to be important for activity 22, whereas cysteines in general
are the target of S-glutathionylation. Rozemberg et al. (2006) B reported that S-glutathionylation regulates HDL-
associated paraoxonase 1 (PON1) activity. It is possible that post-translational modification of Cys284 can affect the
nearby His285 and their interaction with the catalytic calcium. However, we did not detect PON2 S-glutathionylation
(unpublished). The two reported PON2 polymorphisms associate with alterations of plasma lipid levels in patients affected
by human diseases related to oxidative stress such as coronary artery disease (CAD) BUB2I33] type 2 diabetes mellitus,
Alzheimer's disease B4B8l and reduced bone mass in postmenopausal women 8. Almost total linkage disequilibrium
exists between these two polymorphic sites in four different human populations, which indicate that the genotype at one
location can be used as a surrogate for the genotype at the other one. In other words, the A148 and S311 variants form
one common allelic haplotype, while the G148 and C311 ones form the second common allelic haplotype in white, South
Asian, and African samples 2. PON2 A148/S311 homozygotes exhibited significantly higher plasma total and LDL
cholesterol and apoB than subjects with the other two genotypes 4, which was confirmed by an investigation of Shin et
al. B8 The PON2 S311C SNP affects lactonase activity 19, a finding not confirmed by a subsequent study . Regarding
its role in CAD, it is reported an association 23] while the PON2 codon 311 Cys/Cys genotypes are significantly
associated with CAD severity in terms of the number of diseased vessels but not in terms of stenosis severity 2. A meta-
analysis performed in 2004 showed conflicting results with no significant association of PON2 Ser311Cys polymorphism
40 hut a more recent research clarified that the PON2 Ser311Cys polymorphism is associated with CHD risk in
Caucasians, but there is no association between this polymorphism and CHD in Asians or Hispanic populations 4. The
Ser311Cys polymorphism and low levels of HDL contribute to a higher mortality risk after acute myocardial infarction in
elderly patients 42, and it is associated with a risk of large vessel disease stroke in a Polish population 3. Besides, a
higher risk for cardiovascular diseases and for Alzheimer's disease is described in carriers of the 311C allele 241145]
Significant evidence of an association between polymorphisms in the PON gene cluster (Ser311Cys in PON2) and AD in
African Americans and Caucasians was observed €. Newborn babies with PON2 148GA/GG genotype were also found
to be at high risk of low weight and short length at birth when exposed to di-n-butyl phthalate (MBP) and di-2-ethylhexyl
phthalate (MEHP) 4. A combined genotype analysis for PON2 polymorphisms revealed that the combination of G148
and S311 was more frequent in cataract subjects, whereas heterogeneous alleles at 311 and 148 were more likely to be
present in subjects without lens opacity. It seems likely that the presence of mutations at 148 and 311 positions might be
considered as a risk factor for the development of cataracts “&. The PON2 gene polymorphisms A148G and S311C have
been independently associated with diabetic nephropathy in type Il diabetic patients. The susceptibility to diabetic
nephropathy positively correlated with the degree of obesity 22, PON2 expression and insulin resistance relationships
were also observed B9, In diabetes mellitus, the PON2-311 SNP associated with the presence of microvascular
complications, with an over-representation of the C/C 311 genotype 21, A recombinant PON2 was expressed in E. coli to
test the role of these SNPs on PON2 activity 23, Broad decrease of lactonase, esterase, and phosphotriesterase activities
was observed for all mutants, particularly lactonase activity against 30C12HSL, which should represent the physiological
substrate for PON2. In our system, we confirmed the data of Stoltz et al. 12 that reported lower activity of the mutant
expressed in CHO cells and decreased lactonase activity in primary airway epithelial cells characterized by the C/C
genotype. CD spectra in the far and near UV showed similar structures in wt rPON2 and mutants, allowing one to rule out
that the decrease in activity was due to a fault in the refolding of mutants 231,

2.6. PON2 Protein-Protein Interactions

By comparing the main databases and repositories for protein interactions PON2 is reported to physically interact with 117
(BioGRID), 69 (IntAct), and 10 (STRING) human proteins, some of them overlapping and others being reported only by
one database (Figure 4). BioGRID and IntAct share 60 protein—protein interactions (ppi), STOM ppi is reported by
STRING and BIOGRID, while LIRG2 is common in all three databases.
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Figure 4. Schematic representation of PON2 protein—protein interactions (ppi) network reported by BioGRID, IntAct, and
STRING databases. The intersection between circles represents common ppi shared by the different databases.

PONZ2 also interacts with two HIV-1 proteins: the envelope glycoprotein gp160 (env) 22 and the protein Rev (rev), which
its function is to escort unspliced or incompletely spliced viral pre-mRNAs (late transcripts) out of the nucleus of infected
cells B3, Due to the latest SARS-CoV-2 pandemic it is also interesting to highlight the SARS-CoV-2 proteins interacting
with PON2: the envelope small membrane protein (E), the membrane glycoprotein (M), the non-structural protein 4
(Nsp4), the non-structural protein 6 (Nsp6), the open reading frame 7a (ORF7a), the non-structural Protein 7b (Nsp7b),
the non-structural protein 8 (Nsp8), and the open reading frame 9b (ORF9b) B4153] (see also graphical abstract).

Interactome mapping of the relevant protein is the main scope of current biological research, similar to the way “genome”
projects were a driving force of molecular biology 20 years ago. PON2 interactome characterization would allow us to
understand the intricate physicochemical dynamic connections of PON2 biological functions at both cellular and systems
levels. So far only a few of the identified PON2 interactions were deeply investigated to understand their relationships and
significance and here we report last discoveries. Nagarajan et al. (2017) B8 demonstrated the role of PON2
protein/protein interaction in modulating an “old” cancer trait, namely the Warburg effect. In the pancreatic ductal
adenocarcinoma cancer (PDAC), the release of p53 translational inhibition of PON2 results in an indirect effect of PON2
on GLUT1, a glucose transporter, mediated by the interaction with the protein stomatin (STOM) B4, Furthermore,
PON2/GLUT1 interaction prevents AMP-activated protein kinase (AMPK)-mediated anoikis via ATP inhibition of the
pathway AMPK-FOXO3A-PUMA, which in turn favors metastasis 8. In 2018 PON2 was demonstrated to interact with
leucine-rich repeats and immunoglobulin-like domains 1 (LRIG1) 8. PON2 was a determinant of the PDGFRA—down-
regulating function of LRIG1. PON2 also bidirectionally interacted with LINGO1, another leucine-rich repeat and
immunoglobulin-like domain-containing protein that has been reported to negatively regulate TRK (NTRK) receptors in a
manner that appears to be highly similar to the mechanism described for LRIG1 59,
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