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Abstract

Human paraoxonase 1 (hPON-1) is a protein that has been studied in
relation to its antioxidant and anti-atherosclerotic properties. Despite
extensive studies, the molecular mechanisms responsible for its functional
properties remain unclear. During the last decade, a new partner of hPON-1
has been identified. Hidden for a long time because of a similar molecular
weight with hPON-1, this protein, termed human phosphate-binding
protein (HPBP), may contribute to the biological functions of hPON-1.
Belonging to the DING protein, a sub-family of phosphate binding
proteins (PBP or pstS), HPBP stabilizes hPON-1 and might prevent calci-
fication of arteries in case of advance atherosclerosis. The role of other
DING proteins in some calcification processes (i.e. nephrolithiasis) and
the identification of HPBP in the atheroma plaque support this hypothesis.
Nevertheless, the relevance of hPON-1/HPBP as well as the molecular
determinants in atherosclerosis remains to be elucidated.
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sible of its anti-atherosclerotic properties remain
unclear. While performing structural studies on
hPON-1, Morales et al. serendipitously discovered
a hPON-1 associated protein [1]. Astonishingly,
from a supposedly “pure” sample of hPON-1,
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Disulfide
bridge

Fig. 4.1 Structure of HPBP (pdbid: 2V3Q). HPBP
presents two globular domains colorized in green (upper
domain) and blue (bottom domain). The disulfide bridges
have been represented as sticks. The phosphate has been

they crystallized a new protein, absent from
genomic databases. This protein, termed human
phosphate binding protein (HPBP), has been for
a long time hidden behind hPON-1 glycosylated
isoforms on SDS-PAGE because they have similar
molecular weight (i.e. 38 kDa) [1]. Since HPBP
was absent from genomic databases, the sequence
of the protein has been determined using crystal-
lographic data, coupled with mass spectrometry [2].
The obtained sequence and structure shows that
HPBP belongs to the phosphate binding proteins
(PBP) and more precisely to a sub-family called
“DING proteins”.

The structure of HPBP is composed of two
globular domains linked together with a flexible
hinge (Fig. 4.1). The phosphate anion binding
site is located at the interface of both domains.
Due to its ability to fix phosphate (with sub-
micromolar affinity), HPBP constitutes the first
phosphate transporter identified from human tissues,
being homologous to the prokaryotic periplasmic
PBP associated with the ABC transporter system
(i.e. PstS) [3]. Noteworthy, some differences are
noticed between HPBP’s and PstS’ structure,

represented as spheres. At the interface of both domains,
there is the phosphate binding cleft. Residues involved in
phosphate binding have been represented as sticks and
colorized using the same color-code as the domain

such as the presence of two disulfide bridges and
four protuberant loops (Fig. 4.1). Nevertheless,
the physiological role of these differences
remains to be elucidated.

4.2  Properties of DING Proteins
DING proteins constitute a poorly characterized
family of proteins, having usually 38-40 kDa,
which were named for their eponymous
N-terminus extremity (D-I-N-G-G-G) [1]. The
first DING proteins were identified in animals and
in some plants at the end of the 1990s. The genomic
era has greatly increased the number of new
DING protein sequences, especially in bacteria.
Moreover, it allowed the first identifications of
DING protein’s genes in prokaryotes (and mainly
from genus Pseudomonas). Today, more than 50
DING proteins (and genes) have been identified
in the prokaryote kingdom [4, 5].

The situation is different in eukaryotes:
although DING-coding sequences were amplified
from eukaryotic genomic sequences; no open
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reading frame nor locus has yet been identified
on published eukaryotic genomes [5]. This criti-
cal absence of eukaryotic genetic information
constitutes a major barrier which has drastically
hampered their studies. As a consequence,
eukaryotic DING proteins were serendipitously
identified due to their implication in pathological
processes and, in particular, in inflammation
processes [6].

In humans, six different DING proteins have
been identified; HPBP, synovial stimulatory
Protein (SSP), X-DING-CD4, crystal adhesion
inhibitor (CAI), genistein-binding protein and a
DING protein from GSS database. In the next part,
we will focus on DING proteins which have been
clearly involved in inflammatory diseases [1, 7-11].

4.2.1 Implications of DING Proteins

in Inflammatory Processes

4.2.1.1 Rheumatoid Arthritis

DING proteins were discovered because of their
involvement with rheumatoid arthritis (RA), an
inflammatory auto-immune disease causing a
deformation or destruction of articulations. In the
aim to unravel the poorly understood origin of
RA, the composition of rheumatoid fluids were
widely studied, leading to the identification of the
synovial stimulatory protein (SSP) [7]. This protein
has been partially sequenced, revealing the
characteristically N-terminus “D-1-N-G-G-G” and
leading to the first isolation of a DING protein in
a human disease. SSP has been shown to interact
with human sera containing rheumatoid factor
(i.e. auto-antibody) and to possess stimulatory
capacity of T cell proliferation. Both abilities
suggest that SSP is involved in the RA inflamma-
tory process [7].

4.2.1.2 Nephrolithiasis

The implication of DING proteins in inflammatory
processes is not only limited to SSP, and numerous
examples show that this family of proteins is
tightly correlated with inflammation [9, 12].
Nephrolithiasis, also known as kidney stone disease
is a common derangement with an increasing
prevalence in the population (up to 5 %) [13].

This illness is caused by the aggregation of calcium
oxalate or calcium phosphate with proteins and/
or bacteria [14]. Growth and migration of renal
calculi into the lower urinary tract cause severe
pain and in some cases complications and inflam-
mation leading to death [14]. However, the exact
mechanism of renal calculi formation remains
unclear even if many theories have been proposed
(saturation of urine, nanobacteria) [13, 15-17].

The crystal adhesion inhibitor (CAI) is a
DING protein studied in relation to renal calculi
formation. CAl is a 39 kDa protein which has been
isolated in monkey renal epithelial cells [10, 18].
It has been demonstrated that CAI inhibits renal
calculi growth by significantly reducing the bind-
ing of calcium oxalate monohydrate (COM) onto
crystal [10]. Indeed, CAI sequesters/covers
crystal surface avoiding its growth. This fixation
capability may be due to CAI affinity towards
phosphate (like other DING) since renal calculi
crystals are often composed of calcium phosphate
[13, 14]. Even whether the implication CAI in
inhibition of renal calculi growth is clear, other
proteins seem to be more crucial (for instance the
Tamm-Horsfall Protein) [18].

4.2.1.3 Atherosclerosis
Atherosclerosis represents the leading cause of
mortality/morbidity in western countries [19].
The molecular mechanisms involved in the for-
mation of the atheroma plaque are complex, and
a key phenomenon is the accumulation of oxi-
dized low density lipoprotein particles (oxLDL)
in the inner walls of arteries [20, 21]. The athero-
sclerotic plaque, once unhooked, may lead to
ischemic stroke/heart attack [22, 23]. The accu-
mulation of oxLDL in the atheroma plaque is
counteracted by high density lipoproteins (HDL)
that modify the balance oxLDL/LDL, slowing
down the formation of atherosclerotic plaque [24].
Particularly, it has been found that hPON-1, a
HDL-associated protein, plays a protective role
by degrading peroxidized lipids and reducing
the level of oxLLDL in human plasma [25-28].
Nevertheless, the exact the molecular determi-
nants remain unclear.

Recent studies showed that HPBP, a DING
protein, is associated with hPON-1 [1, 29], and
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Atheroma

Anti-DING

Fig. 4.2 Immunohistochemical staining of DING
proteins in an atheroma. The endothelium is sub-divided
in two parts, the intima and the media. The separation

stabilizes the active conformation of this enzyme
[29-31]. The association hPON-1/HPBP may
thus influence the related anti-atherosclerotic
properties of hPON1. Moreover, since DING
proteins belong to the phosphate binding protein
superfamily, it has been hypothesized that HPBP
may have a role in preventing phosphate salt
formation, specifically with calcium. HPBP may
thus be implicated in calcification processes
which are widely common in advance athero-
sclerosis. This hypothesis is consistent with the
co-localization of DING proteins and hPON1
within the atheroma plaque.

Even if the biochemical mode of action of
HPBP is yet unclear, the relationships between
inflammation and other DING proteins closely
related to HPBP have been recently investi-
gated. DING proteins have been related to the
phosphorylation of several proteins in the
mitogen-activated protein (MAP) kinase path-
way, including extracellular signal-regulated
kinases (ERK) 1 and 2 and c-Jun N-terminal
kinases (JNK) [32]. This impacts their down-
stream targets like the signal transducer and
activator of transcription (STAT) 3, the cyclic
AMP response element-binding (CREB), c-Jun
and more importantly NF-xB [32]. Moreover,

staining

Media

Intima

between the two layers is represented as a dashed line.
The atheroma has been limited with dashed line

it has been shown that some DING proteins
interact with the p50 sub-unit of NF-xB [33], a
major pathway in inflammatory response. Indeed,
the production of numerous pro-inflammatory
cytokines has been shown to be NF-kB-dependent
in atherosclerosis [34]. The modulation of the
association of NF-kB subunits may thus lead
to the modulation of inflammatory response in
atherosclerosis process. Furthermore, DING
proteins interact with the CCAAT/enhancer-
binding protein (C/EBP) B binding site altering
its nuclear localization. This was demonstrated
by DNA band-shift assay, that showed that
the presence of DING proteins reduces signifi-
cantly the ability of C/EBP P to bind to DNA
[35]. C/EBP B is important in the regulation of
genes involved in immune and inflammatory
responses and has been shown to bind to regula-
tory regions of several acute-phase and cytokine
genes, and is critical for normal macrophage
functioning, and in the modulation of inflamma-
tory cytokine such as interleukins-1 and -6 [35, 36].
All these molecular mechanistic insights, and
the presence of DING proteins in situ (i.e. in
atheroma, Fig. 4.2) suggests that DING pro-
teins may play a role in the pathophysiology of
atherosclerosis.
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4.3

Conclusion

Results from recent research show that DING
proteins are probably involved in inflammatory
process. In the case of human atherosclerosis,
the association between HPBP and hPON1 may
be relevant since it contributes to stabilize this
antioxidant and anti-inflammatory enzyme.
However, numerous questions remain and future
structural/mechanistic studies on HPBP/hPON-1
complexes may unravel new potential functions
of DING proteins in atherosclerosis.
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