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The lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1), the major receptor for oxidized low-
density lipoprotein (ox-LDL) in endothelial cells, is overexpressed in atherosclerotic lesions. LOX-1 spe-
cific inhibitors, urgently necessary to reduce the rate of atherosclerotic and inflammation processes,
are not yet available. We have designed and synthesized a new modified oxidized phospholipid, named

KeyWOdei . PLAzPC, which plays to small scale the ligand-receptor recognition scheme. Molecular docking simula-
LOX-1 inhibitor tions confirm that PLAzPC disables the hydrophobic component of the ox-LDL recognition domain and
g’;z‘;’z]; d phospholinids allows the interaction of the L-lysine backbone charged groups with the solvent and with the charged/
Atherosclgrosis P polar residues located around the edges of the LOX-1 hydrophobic tunnel. Binding assays, in a cell model

system expressing human LOX-1 receptors, confirm that PLAzPC markedly inhibits ox-LDL binding to

Molecular docking
LOX-1 with higher efficacy compared to previously identified inhibitors.

Cell-based assay

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

The lectin-like oxidized low-density lipoprotein receptor-1
(LOX-1), located on the surface of vascular endothelial cells, is
the major receptor for oxidized low-density lipoprotein (ox-LDL)
[1,2]. It is a membrane glycoprotein, up-regulated by ox-LDL, ex-
pressed also in monocytes/macrophages, smooth muscle cells,
dendritic cells and fibroblasts. LOX-1 plays a crucial role during
atherogenesis and atherosclerotic plaque formation and is consid-
ered a target in a therapeutic perspective [3-5]. It is a disulfide-
linked homodimer belonging to the C-type lectin-like receptor
family. Deletion analysis has localized ox-LDL recognition activity
to the highly conserved C-type lectin-like domain (CTLD) of

Abbreviations: CTLD, C-type lectin-like domain; Dil, 1,1’-dioctadecyl-3,3,3’,
3’-tetramethyllindocarbocyanine perchlorate; HOBt, 1-hydroxybenzotriazole; LDL,
low-density lipoprotein; LOX-1, lectin-like oxidized low-density lipoprotein recep-
tor-1; ox-LDL, oxidized low-density lipoprotein; SRB, sulforhodamine B.
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LOX-1 [6]. The crystal structures of the human CTLD have largely
contributed to elucidate the molecular recognition and binding
mechanisms of LOX-1 [7,8].

The human LOX-1 CTLD forms a heart-shaped homodimer with
an inter-chain disulfide bond at Cys140, not present in sequences
of other species. Mutation of Cys140 does not affect the ox-LDL-
binding activity [9,10] and does not destabilize the dimeric form
of the ligand-binding domain [10]. The particular dimeric associa-
tion of CTLD in human LOX-1 generates a tunnel which completely
crosses the dimer with a diameter of 7.0-8.0 A, except for a first
constriction caused by the side chains of [le149 of the two subunits
and a second constriction caused by Tyr197 of subunit A, that re-
strict the opening to 4.0 A [7]. In the central part, just below the
tunnel, the residue Trp150 is completely conserved among the
LOX-1 orthologs and 2 salt bridges and 7 inter-chain hydrogen
bonds contribute to the stabilization of LOX-1 dimer arrangement
[7]. On the top, human LOX-1 displays a linear arrangement of pos-
itively charged residues, crossing the dimer surface of CTLD, called
basic spine [7,8] that has been proposed to provide an appropriate
platform for the interaction and the electrostatic recognition of the
amphipathic o-helices located on the ox-LDL surface [7].
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Mutations of the basic spine arginines of the dimer interface resi-
dues Trp150 and Lys167, which alter the basic spine structure
[11,12], markedly reduces LOX-1 binding activity [8,10,13]. Over
the CTLD dimer surface the entrance of the long hydrophobic tun-
nel is surrounded by a quasi-conical surface where hydrophilic and
hydrophobic patches are scattered. Mutations of residues located
in a position that obstructs the tunnel and the presence of phos-
pholipids that can interact with residues in the tunnel, significantly
prevent the binding ability of LOX-1 receptor to ox-LDL [14].

Starting from these observations, a rational approach to design
a selective receptor antagonist introducing new recognition ele-
ments has been followed. In this work we present the synthesis
of a new L-lysine condensated phospholipid compound, named
PLAzPC, which is able to disengage the recognition between ox-
LDL and LOX-1. Binding assays, in a cell model system expressing
human LOX-1 receptors, confirm that acute exposure of PLAzPC re-
sults in a marked reduction of ox-LDL bound to LOX-1.

2. Materials and methods
2.1. Molecular docking procedure

Protein-ligand molecular docking, a computational technique
that predicts the putative binding site of a ligand on a receptor tak-
ing into account both geometrical and electrostatic match contri-
butions, has been used to predict the complexes between the
C-type lectin like domain (CTLD) of the human LOX-1 receptor
with the phospholipids: PAzPC, HAzPC, PGPC, PONPC, POVPC and
the newly synthetized compound PLAzPC. The phospholipids are
prepared using the program SYBYL 6.0 (Tripos Inc., 1699,
South Hanley Road St. Louis, Missouri 63144, USA). The polar
hydrogens are added to the protein and the phospholipids. The
protein-ligand docking has been executed with the AutoDock
Vina 1.1.2 program [15], using the AutoDock/Vina PyMOL plugin
(http://[wwwuser.gwdg.de/~dseelig/adplugin.html) [16,17]. For
more details see Supplementary data 1.

2.2. Synthesis of PLAzPC

To obtain 1-palmitoyl-2-(9-(5-t-Boc-amino-5-carboxypentyla-
mino)-9-oxononanoyl)-sn-glycero-3-phosphocholine (P'BocLAzPC-(2))
a solution of 1-palmitoyl-2-azelaoyl-sn-glycero-3-phosphocholine
(Avanti Polar Lipids, PAzPC (1), 0.0375 mmol, 25 mg) dissolved in
DMSO (2.5mL), 1-hydroxybenzotriazole (HOBt) (0.15 mmol,
20.3 mg) was added at room temperature (Fig. 1). The clean solu-
tion was stirred for 1 h at r.t., then cooled at 0 °C (ice-water bath)
and neat 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride (EDC.HCI, 0.15 mmol, 28.7 mg) was added. Then N-t-Boc-
Lysine (0.0375 mmol, 9.25 mg) and sym-collidine (0.041 mmol,
5.83 mL) in CH,Cl, (2.0 mL) were added under stirring at the same
temperature. The ice-water bath was removed and the tempera-
ture was allowed to reach r.t. Stirring was continued for 5 days
while the reaction was monitored by TLC both in CH,Cl,/MeOH/
NHs 85:15:2.5 and in toluene/MeOH/EtsN 85:15:5. The working-
up procedure was as follows: water (2 mL) was added and the
organics were extracted in chloroform (3 x 2 mL). The combined
organic layers were dried over anhydrous sodium sulfate, filtered
and the solvent was removed under reduced pressure. The residue
was purified by flash chromatography using a gradient elution:
pure CHCl;3 (20 mL), CHCl3/MeOH 68:32 (20 mL), CHCl3;/MeOH/
NH3 68:32:2.5 (20 mL), MeOH/NH3; 100:2.5 (20 mL). The product
(2) was isolated in 27% yield (9 mg): Rg=0.25 (CHCl3/MeOH/NH3
68:32:2.5); [Z = 4+2.49 (c 1.3, MeOH), [« = +12.22 (c 0.9,
DMSO); Mass (m/z): 894.6 [M+1]", 892.6 [M—1]"; 'H NMR
(CDCl; + CD30D): § 0.90 (brt, 3H), 1.25-1.40 (m, 32H), 1.45 (brs,

9H), 1.51 (m, 2H), 1.55-1.70 (m, 4H), 1.80 (m. 2H), 2.15-2.40 (m,
6H), 3.15 (m, 2H), 3.24 (brs, 9H), 3.66 (m, 2H), 4.11 and 4.35 (m,
2H), 4.20 and 4.44 (m, 2H), 4.32 (m, 2H), 4.55 (m, 1H), 5.25 (m,
1H). To obtain 1-palmitoyl-2-(9-(5-amino-5-carboxypentylami-
no)-9-oxononanoyl)-sn-glycero-3-phosphocholine (PLAzPC, (3)) a
1:4 CF;COOH/CH,Cl, mixture (0.5 mL) was added to a solution of
P'BocLAZzPC (2) (0.0101 mmol, 9 mg) in CH,Cl, (0.2 mL) at r.t. The
mixture was stirred for 5 h. Cyclohexane (3 x 0.5 mL) was added
to remove CF3COOH under reduced pressure. The row residue
was dried under vacuum and the desired compound (3) was iso-
lated and analyzed without further purification as trifluoroacetic
salt.

()2’ = +2.02(c0.5, CHCl3), [o)2® = +3.83 (c 1.1, MeOH); Mass
(m/z): 794.9 [M+H]*, 816.9 [M+Na|"; 792.7 [M—H]~; M/M: 777.8
[M+H—NHs]*; 735.8 [M+H—(CH3)sN]"; 733.7 [M—H—(CH5)sN]|;'H
NMR (CD30D) 6: 0.90 (t, 3H), 1.25-1.40 (m, 32H), 1.50 (m, 2H),
1.55-1.72 (m, 6H), 1.76 (m, 2H), 2.10-2.40 (m, 6H), 3.22 (m, 2H),
3.25 (brs, 9H), 3.49 (m, 1H), 3.70 (m, 2H), 4.13 and 4.36 (m, 2H),
4.18 and 4.43 (m, 2H), 4.30 (m, 2H), 5.22 (m, 1H).

2.3. DNA construct

For the expression in mammalian cells, human LOX-1 was sub-
cloned into pEF/V5-His vectors (Invitrogen, Inchinnan, Paisley, UK),
as previously described [18].

2.4. Cell cultures and transfection

COS cells were transiently transfected with JetPEI (Polyplus
Transfection, Illkirch, France), following the manufacturer’s
instructions, with a DNA/transfectant reagent ratio (w/v) of 1:2.

2.5. Immunofluorescence

Cell membrane immunofluorescence was carried out as de-
scribed [19] using anti-V5 IgG (Invitrogen, Inchinnan, Paisley, UK)
as primary antibody and Rhodamine Red-X-conjugated AffiniPure
donkey anti-mouse IgG (Jackson Immunoresearch, West Grove,
PA, USA) as secondary antibody. Samples were examined with a
DMRA Leica fluorescence microscope, equipped with CCD camera.

2.6. ox-LDL preparation, labeling and binding to LOX-1 receptors

Human LDL was prepared from fresh healthy normolipidemic
plasma of volunteers by ultracentrifugation [20]. Oxidation was
performed as described [21]. ox-LDL was labeled with 1,1’-diocta-
decyl-3,3,3',3'-tetramethyllindocarbocyanine  perchlorate (Dil,
Invitrogen, Inchinnan, Paisley, UK) as previously described to give
a fluorescent Dil-ox-LDL [18,22].

COS cells were plated in 48 multiwell at 70% confluence, trans-
fected with LOX-1-V5 plasmid. Binding assay was performed 24 h
after transfection as described [23]. COS cells were incubated
30 min at 4 °C with different inhibitors. Cells were then incubated
with (Dil)-labeled ox-LDL 10 pg/ml in the presence of inhibitors
on ice for 1 h. Quantification of bound Dil-ox-LDL was assayed by
Dil extraction in isopropanol [22] and fluorescence determined in
a Perkin Elmer spectrofluorometer. Dil-ox-LDL binding was also
performed in transfected COS cells plated in glass coverslips. After
1 hincubation with (Dil)-labeled ox-LDL cells were fixed in parafor-
maldehyde and stained with Hoescht 33342 (Sigma) before mount-
ing. Dil-ox-LDL positive cells were counted and the percentage of
positive cells with respect of all Hoescht-positive nuclei was
calculated. At least 120-150 cells were counted and checked for
their Dil-ox-LDL positivity for each coverslip. For a description of
the cell viability and cytotoxicity assay see the Supplementary
data 2.
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Fig. 1. Synthesis of 1-palmitoyl-2-(9-(5-amino-5-carboxypentylamino)-9-oxononanoyl)-sn-glycero-3-phosphocholine (PLAzPC).

2.7. Statistical data analysis

All data were inserted into an Excel database (Microsoft, Red-
mond, Washington, USA) and analyzed with the Statistical Package
for the Social Sciences Windows version 15.0 (SPSS, Chicago, Illi-
nois, USA). Descriptive statistics used for continuous variables
was the average t standard deviation. Normality assumptions
were demonstrated with histograms and the Kolmogorov-Smirnov
test. Comparison among groups was performed using one-way AN-
OVA with multiple comparisons by Bonferroni test. A p value <0.05
was considered statistically significant.

3. Results and discussion

3.1. Structural analysis, synthesis and in vivo inhibitory activity of
PLAzPC

On the basis of mutagenesis experiments carried out nearby the
hydrophobic tunnel [14], supported by structural observations on
the LOX-1 recognition domain, we have designed a new LOX-1
receptor antagonist mimicking one of the phospholipid adducts
that are formed by oxidation on the apoB100 surface [21]. The
compound incorporates a dual function to interfere with the recog-
nition components of the receptor: (i) an hydrophobic moiety, re-
quired to interact and obstruct the CTLD hydrophobic tunnel
involved in the substrate binding [14] and (ii) an electrostatic
and flexible moiety, that has been introduced to install interactions
with water and charged residues located in the proximity of the
tunnel border.

The new compound, 1-palmitoyl-2-(9-(5-amino-5-carboxypen-
tylamino)-9-oxononanoyl)-sn-glycero-3-phosphocholine, named

PLAzPC, has been synthesized following the scheme depicted in
Fig. 1. The 1-palmitoyl-2-azelaoyl-sn-glycero-3-phosphocholine
(PAzPC) phospholipid has been altered adding two hydrophilic
centers in the 2-azelaoyl tail. For this purpose a lysine derivative,
namely the Ny-(tert-butoxycarbonyl)-L-lysine, has been conden-
sated to the free carboxylic acid function present in the sn-2 posi-
tion of PAzPC (Fig. 1), providing, after hydrolysis of the lysine
protecting group, the new phospholipid PLAzPC (3 in Fig. 1).

Protein-ligand molecular docking, a computational technique
that predicts the putative binding site of a ligand on a receptor,
taking into account both geometrical and electrostatic match con-
tributions, has been used to support the formation of a complex
between the CTLD and the chosen drugs. The docking simulations
indicate that PLAzPC is able to fill the hydrophobic tunnel of the
receptor but is also stabilized by electrostatic interactions with
water and other residues (Supplementary data 3). In PLAzPC the
targeted chemical modification adds an essential electrostatic con-
tribution that stabilizes its binding into the tunnel. Thus, the LOX-1
residues GIn193 and Ser198, in one subunit, and Ser160 in the
other interact with hydrophilic PLAzPC spots (Fig. 2 and Supple-
mentary data 3, Fig. S3 for details). Moreover, the charged ami-
no-acid group of the condensated 1-lysine is placed toward the
solvent, shielding one of the two entries of the filled tunnel, while
the other entry is plugged by the charged phosphocholine. This
double PLAzPC-solvent interface critically stabilizes the ligand into
the tunnel, preventing water from interfering with the hydropho-
bic binding.

As a benchmark for the novel functionality introduced in the PLA-
zPC inhibitor, we have compared PLAzPC recognition capability with
that of different oxidized phospholipids, whose structure denotes
potentiality for the interaction with the hydrophobic tunnel [14]. In
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Fig. 2. Best docking complex between LOX-1 CTLD and PLAzPC. The o-helices are shown as red spirals, the p-strands are indicated by yellow arrows and the turns are
represented by green wires. The PLAzPC molecule completely crosses the CTLD tunnel, engaging electrostatic interactions at the borders of the tunnel: (A) close view of the
tunnel without the ligand; (B) close view of one entry of the tunnel with PLAzPC ligand. This picture has been produced by using the program PyMol [16]. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

particular, we have analyzed the following compounds: 1-palmitoyl-
2-glutaryl-sn-glycero-3-phosphocholine (PGPC), 1-O-hexadecyl-2-aze-
laoyl-sn-glycero-3-phosphocholine (HAzPC), 1-palmitoyl-2-azelaoyl-
sn-glycero-3-phosphocholine (PAzPC) (Fig. S2). The docking binding
energy, which varies between —8.2 of PGPC and HAzPC to —8.6 of
PAzPC reaches the value of —9.1 kcal/mol in the case of the newly
synthetized PLAzPC.

To verify the in vivo LOX-1 inhibitory activity of PLAzPC, we
have set up a cell model expressing high level of human LOX-1
receptors. This was achieved by transiently transfecting full length
human LOX-1-V5 DNA into COS fibroblasts, as previously de-
scribed [23]. Cell surface expression of LOX-1 receptors was dem-
onstrated by anti-V5 binding and immunofluorescence. This cell
model allows a high transfection efficiency (about 40% of transfec-
ted cells), a very high expression level of LOX-1 receptors and very
high ox-LDL binding (Fig. 3) and uptake [23]. Considering that LOX-
1 is an inducible gene and it is highly expressed under stress con-
ditions, this cell system is appropriate to recapitulate the in vivo
characteristics. In order to monitor the LOX-1-0x-LDL binding we
have used the highly fluorescent lipophilic dye 1,1’-dioctadecyl-
3,3,3/,3'-tetramethyllindocarbocyanine perchlorate (Dil), that dif-
fuses into the hydrophobic portion of the LDL complex without
affecting the LDL-specific binding of the apoprotein [22]. We mea-
sured the capacity to displace the binding of fluorescent Dil-ox-LDL
to LOX-1 of PLAzPC and, for comparison, that of the oxidized phos-
pholipids PGPC, HAzPC, PAzPC, using two different approaches: a)
by counting positive Dil-ox-LDL fluorescent cells in the absence
and in the presence of different concentration of the indicated

Ctrl

compound and b) by quantitation of bound Dil-ox-LDL with its
extraction from stained cells with isopropanol and spectrofluoro-
metric analysis. The binding specificity was confirmed by incubat-
ing with 100-fold excess of cold ox-LDL which completely
abolishes Dil-ox-LDL binding to LOX-1 (not shown). Comparison
among groups was performed using one-way ANOVA with multi-
ple comparisons by Bonferroni test. Cell viability and cytotoxicity
were measured by the sulforhodamine B assay (SRB) as described
in Supplementary data 2. No effects on cell viability are observed
when cells are incubated with different doses (ranging from 2 to
20 uM) of oxidized phospholipids for at least 5 days. A moderate
toxicity is observed after 2 days of incubation with a concentration
higher than 40 uM (Fig. S1).

As it can be seen in Fig. 3, a marked reduction of Dil-ox-LDL po-
sitive cells was obtained incubating cells with PLAzPC. The statisti-
cal analysis indicates that, at 5 uM concentration, the percentage
decrease of ox-LDL positive cells was 59+8% vs controls
(p <0.01). The quantification of bound Dil-ox-LDL through spectro-
fluorometric analysis is shown in Fig. 4. At 5 uM concentration,
PLAzPC leads to 63 + 6% reduction of bound fluorescence, while
HAzPC, PAzPC and PGPC are less effective and lead to 16 + 8%,
39+9% and 11+ 9% reduction of bound Dil-ox-LDL vs control,
respectively. Importantly, when we analyzed the intracellular up-
take of fluorescent ox-LDL by incubating transfected cells with
Dil-ox-LDL at 37 °C for 1 h, we observed a very similar rate of inhi-
bition (data not shown).

Notably, in PLAzPC treated cells, the fluorescence intensity does
not uniformly decreases (Fig. 3). Transient transfection in COS cells

PLAzPC

Fig. 3. Effect of oxidized phospholipids on ox-LDL binding to LOX-1. Transiently transfected COS cells were incubated with 10 pg/ml Dil-ox-LDL (red fluorescence) at 4 °C for
1 h in the absence (left panel) or in the presence (right panel) of PLAzPC inhibitor. Nuclei are blue stained with Hoechst 33342. Scale bar 20 pm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Effect of oxidized phospholipids on ox-LDL binding to LOX-1. COS cells were treated or not with oxidized phospholipids, as indicated, for 30 min at 4 °C and, then,
incubated with 10 pg/ml of Dil-ox-LDL at 4 °C for 1 h. Quantification of Dil-ox-LDL binding was done by measuring fluorescence by spectrofluorometer. The data represent the

mean * standard deviation calculated from four separate experiments.

results in a very high LOX-1 expression variability. We suggest that
only cells with lower expression level are “switched off”’, while
those with higher LOX-1 level are still able to bind enough Dil-
ox-LDL molecules to appear fluorescent. Moreover, a residual
amount of bound fluorescent Dil-ox-LDL is not displaced even in
the presence of high concentration of oxidized phospholipids
(Fig. 4). A possible structural explanation of this finding is that
while the hydrophobic component of the recognition, mainly due
to the tunnel, is completely disabled by the different oxidized
phospholipids, the electrostatic attraction of the apoB100 protein
located on the ox-LDL surface and the LOX-1 basic spine is still ac-
tive. In particular, although free charged PLAzPCs could also engage
interactions with the basic spine arginines (through the carboxyl of
the condensated L-lysine), the electrostatic repulsion due to a close
positive oc-ammonium group and the positive charge of the choline
group, make this hypothesis unlikely. It is also important to under-
line that multimerization and cluster organization in plasma mem-
brane, that are important requisites for LOX-1 activity [10,23,24],
may interfere with the binding of the inhibitor and can influenc-
ethe ox-LDL binding affinity. In fact, clusters develop regardless
of the presence of ox-LDL and their formation is LOX-1 concentra-
tion-dependent [25]. It is worth mentioning that the residual ox-
LDL binding activity is totally displaced when a 100 times excess
of unlabeled ox-LDL is added to the binding solution.

The in vivo results and the in silico molecular docking structural
analysis indicate that PLAzPC is a strong inhibitor of LOX-1 recep-
tor. This compound completely disables the hydrophobic compo-
nent of the ox-LDL recognition domain mainly due to the tunnel
and is also stabilized by the interactions of the L-lysine backbone
charged groups. These groups, extending from the azelaoyl chain,
interact both with the solvent and with the charged/polar residues
located around the edges of the tunnel [7,8]. From data shown in
Fig. 4, in the case of PLAzPC, this mechanism leads to approxi-
mately 80% inhibition of ox-LDL binding to LOX-1.

As mentioned before, we have compared PLAzPC recognition
capability with that of different oxidized phospholipids (PGPC,
HAzPC and PAzPC), which have been previously studied [14].
Differences between experimental protocols may justify small

discrepancy in inhibitory efficiency evaluation. Francone et al.
evaluated the ox-LDL binding through an in vitro assay by isolation
of plasma membranes from stably transfected cells, while we use a
binding assay in transiently transfected living cells, which leads to
a higher LOX-1 receptor expression efficiency.

In conclusion the structural approach followed to synthesize a
novel antagonist of LOX-1 receptor gives novel and interesting in-
sights about the molecular mechanisms of inhibition of the LOX-1-
ox-LDL binding and indicates that PLAzPC represents a lead com-
pound for the development of selective therapeutic molecules with
high inhibitory effect.
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