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LOX-1 (lectin-like oxidized low-density lipoprotein receptor 1) is the major oxidized
LDL (OxLDL) receptor on endothelial cells. The extracellular part of LOX-1
comprises an 82-residue stalk region (NECK) and a C-type lectin-like ligand-binding
domain (CTLD). The NECK displays sequence similarity to the coiled-coil region of
myosin, having been suggested it adopts a rod-like structure. In this article, we
report the structural analyses of human LOX-1 NECK using a variety of approaches
including limited proteolysis, chemical cross-linking, circular dichroism (CD) and
NMR. Our analysis reveals a unique structural feature of the LOX-1 NECK. Despite
significant sequence similarity with the myosin coiled-coil, LOX-1 NECK does not
form a uniform rod-like structure. Although not random, one-third of the N-terminal
NECK is less structured than the remainder of the protein and is highly sensitive
to cleavage by a variety of proteases. The coiled-coil structure is localized at the
C-terminal part of the NECK, but is in dynamic equilibrium among multiple
conformational states on a ms–ms time scale. This chimeric structural property of
the NECK region may enable clustered LOX-1 on the cell surface to recognize OxLDL.
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Abbreviations: CD, circular dichroism; CTLD, C-type lectin-like ligand-binding domain; DC-SIGN, dendritic
cell-specific ICAM-3 grabbing nonintegrin; DTT, dithiothreitol; HSQC, heteronuclear single quantum
coherence spectroscopy; LDL, low-density lipoprotein; MALDI-TOF, matrix-assisted laser desorption
ionization time-of-flight; MS, mass spectrometry; NMR, nuclear magnetic resonance; SDS–PAGE, sodium
dodecyl sulphate polyacrylamide gel electrophoresis.

Lectin-like oxidized LDL (OxLDL) receptor 1 (LOX-1) is
the major OxLDL receptor found on endothelial cells
(1, 2). LOX-1 mediates the internalization of OxLDL into
cells and can induce endothelial cell dysfunction that is
believed to constitute an early step in the development
of atherosclerosis (3–5). LOX-1 expression is up-regulated
in pathological conditions affecting the vasculature,
including hypertension, diabetes and atherosclerosis (6).
The expression of LOX-1 enhances a variety of intracel-
lular processes that lead to expression of adhesion
molecules, to which inflammatory cells attach, and
endothelial activation, which affects a variety of gene
expression such as endothelial constitutive nitric oxide
synthase (eNOS) and monocyte chemoattractant protein
1 (MCP-1) (3, 5, 7–9). Immunostaining shows that the
most prominent expression of LOX-1 occurs in the
endothelial cells in atherosclerotic lesions (10, 11).

Taken together these results indicate that LOX-1
plays a critical role in endothelial dysfunction and
injury, which lead to initiation and progression of
atherosclerosis.

LOX-1 is a membrane protein with a type II orienta-
tion consisting of four domains (Fig. 1A): a short
cytoplasmic domain, single transmembrane domain,
a stalk region (also called the NECK domain) and a
C-type lectin-like domain (CTLD) that binds to the
ligands. On the cell surface, LOX-1 exists as a homo-
dimer linked by an inter-chain disulphide bond at C140
(Fig. 1A) (12). We have reported the crystal structure of
human LOX-1 CTLD solved as a homodimer linked by
the disulphide bond in the short NECK domain attached
to the CTLD (13, 14). Analysis of the structure revealed
that the LOX-1 CTLD dimer surface possesses a
characteristic arrangement of basic residues, which we
referred to as the ‘basic spine’ (13). In vivo experiments
using LOX-1 mutants expressed on the CHO cell surface
have suggested that maintaining the basic spine struc-
ture on the CTLD dimer is essential for the binding of
LOX-1 to OxLDL (13). Based on the crystal structure of
the ligand-binding domain of LOX-1, together with the
in vivo ligand-binding experiments, we proposed the
LOX-1 binding mode to OxLDL (13).
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LOX-1 is a member of the C-type lectin-like protein
family, which is classified into evolutionary group V (15).
Members of natural killer cell (NK-cell) receptor family,
which are encoded in a specific gene region known as the
natural killer gene complex, are classified into this group
(16). Proteins in this group share the domain architec-
ture that comprises the NECK domain and CTLD in the
extracellular regions (15). Members of the evolutionary
group V protein family display a high level of sequence
conservation in the CTLD, but only a limited sequence
similarity in the NECK domain, although they all retain
coiled-coil sequence character (15, 17).

The coiled-coil is a prevailing oligomerization motif in
proteins (18). It is also known to be a highly versatile
folding motif; small variations in sequence lead to a
remarkable diversity in oligomerization states (18–20).
The sequence variation found in the coiled-coil NECK
domains among the C-type lectin-like proteins in group V
may reflect the specific function of each member protein.
It is known that different coiled-coil sequences result in
different assemblies of the ligand-binding domains for
dendritic cell-specific ICAM-3 grabbing nonintegrin
(DC-SIGN) (21) and Mannose-binding protein (MBP)
(22), both of which are the members of the C-type
lectin-like family of proteins. DC-SIGN forms a tetramer
through a coiled-coil stalk that consists of a series of
seven and a half tandem repeats of a highly conserved
sequence of 23 amino acids (21). MBP is a trimer
comprising a collagen-like NECK of a parallel triple-
stranded coiled-coil of a-helices (22). The different

assemblies induced by the NECK are closely related to
the specific function of each protein. Accordingly, the
LOX-1 NECK, which possesses a different sequence from
that of DC-SIGN or MBP, presumably plays a specific
functional role during LOX-1 ligand recognition.

In this article, we report the structure analysis of the
LOX-1 NECK using a variety of different methods
including limited proteolysis, chemical cross-linking,
circular dichroism (CD) and NMR. Our studies revealed
that the LOX-1 NECK is made up of two structurally
distinctive compartments with different stabilities; one-
third of the N-terminal portion is highly flexible but not
a random coil, whereas the remaining C-terminal region
forms a coiled-coil structure. However, the C-terminal
coiled-coil is rather unstable and is in dynamic equili-
brium among multiple conformational states. The unique
NECK structure of LOX-1 is likely to play a significant
function in the binding of LOX-1 to OxLDL. Based on the
proposed LOX-1 ligand-binding mode to OxLDL (13), the
possible role of the LOX-1 NECK is discussed.

MATERIALS AND METHODS

Expression and Purification of LOX-1 NECK
Fragments—Human LOX-1 cDNA from aortic endothelial
cell (HAEC) was a kind gift of Dr Sachiko Machida
(National Food Research Institute, Tsukuba, Japan). The
DNA fragment encoding the LOX-1 NECK domain
(residues 61–142) was cloned into pET28a (Novagen,
Madison, WI) at the NcoI and NdeI sites. The recombi-
nant protein included an N-terminal His6-tag sequence
followed by a PreScission Protease (Amersham
Pharmacia Biotech, Piscataway, NJ) cleavage recognition
site. Thus, four residues (GPHM) of vector encoded
sequence were included at the N-terminus of the tag
cleaved recombinant protein. Because the NECK domain
contains no aromatic residues, a GGY sequence was
added to the C-terminal region in order to facilitate
convenient monitoring of the protein concentration. The
NECK fragment used for the NMR experiments pos-
sesses a tyrosine residue just prior to the NECK
sequence. The C140S amino acid replacement was
carried out on the NECK fragment using the
Stratagene QuickChange kit (La Jolla, CA). The
N-terminal deletion mutant NECK-C, comprising resi-
dues 89–142, was also cloned into pET28a at the
NcoI and NdeI sites. Purification of the wild-type and
C140S mutant NECK fragments, and their respective
N-terminal truncated versions, were all carried out
in the same way. Escherichia coli strain BL21(DE3)
cells (Stratagene) harbouring the corresponding
plasmid to express the NECK fragment were grown at
378C in M9 minimal medium containing kanamycin
(50 mg/ml). Heterologous gene expression was induced
at an A600¼ 0.5 by the addition of isopropyl-b-D-
thiogalactopyranoside to a final concentration of 1 mM
for 4 h at 378C. The cells were harvested by centrifuga-
tion (5000 rpm for 5 min). The cell pellet from a 1.0 liter
culture, typically about 3 g wet weight, was resuspended
in 50 ml buffer solution (20 mM Tris–HCl pH 7.5, 300 mM
NaCl) containing a protease inhibitor mixture (Roche
Applied Science, Basel, Switzerland), and then lysed

Fig. 1. Amino acid sequence of the NECK domain.
(A) Schematic drawing of the overall domain structure of
LOX-1; Cyt: cytoplasmic domain, TM: transmembrane domain,
NECK: neck domain, CTLD: C-type lectin-like domain. The
isolated NECK fragment used in the present work is denoted by
NECK, which comprises residues 61–142. (B) Comparison of the
amino acid sequence of the NECK domain among LOX-1
orthologs. The sequences are also compared with those of
different myosin heavy chains. The dotted underline indicates
the sequence that corresponds to the 46-amino-acid repeat unit,
which is one of the triple repeat units found in rat LOX-1.
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by sonication (ASTRASON, Farmingdale, NY) on ice.
After centrifugation (15,000 rpm for 30 min), the super-
natant from the lysate was collected and directly loaded
onto a HisTrap HP (Amersham Pharmacia Biotech)
affinity column equilibrated with Ni2þ at 48C. After
sample loading, the column was washed with 50 ml
10 mM imidazole solution (50 mM Tris–HCl, pH 7.5,
400 mM NaCl), followed by a further wash with 25 ml
imidazole solution. The NECK fragment was eluted with
50 ml 300 mM imidazole solution. The eluted fractions
containing the NECK fragment were pooled (30 ml) and
subjected to the tag cleavage reaction by adding 300 ml
PreScission protease (2 units/ml). The cleavage reaction
was performed at 48C overnight. The solution containing
PreScission protease was applied to a GSTrap
(1 ml volume) and HisTrap (1 ml volume) column sequen-
tially to remove the protease and cleaved His6-tag
fragment from the solution. The flow-through containing
the recombinant protein was collected and ammonium
sulphate added to give a final concentration of 0.8 M.
The solution was then applied to a HiTrap-Phenyl HP
(Amersham Pharmacia Biotech) column and fractiona-
tion was performed using a linear gradient of ammonium
sulphate from 0.8 to 0 M in 20 mM Tris–HCl pH 7.2
containing 0.4 M NaCl. The collected fractions were
analysed by sodium dodecyl sulphate polyacrylamide
gel electrophoresis (SDS–PAGE) using a 17.5% acryl-
amide gel. The pooled fractions containing the NECK
fragment were 75% saturated by ammonium sulphate to
collect the target protein. The solution was stored at 48C
overnight and the precipitate was then collected by
centrifugation (15,000 rpm for 30 min). The precipitate
was dissolved in 5 ml buffer solution (20 mM citrate,
pH 4.0, 0.4 M NaCl) and then applied to a Sephadex 75
(26/60) gel filtration column equilibrated in the same
buffer. Fractions containing the NECK fragment were
identified by SDS–PAGE analysis (17.5% gel). The yield
for the NECK fragment was typically 5 mg of purified
protein from 1.0 liter culture.
Limited Proteolysis—Proteolysis was performed at

208C in a solution containing 50 mM Tris–HCl pH 8.0,
0.5 mg/ml NECK fragment and various concentrations
of protease. In the present analyses, we used trypsin
(Promega, Madison, WI) and a–chymotrypsin (Sigma-
Aldrich, St Louis, MO). The weight-to-weight ratios for
the NECK fragment and protease were varied between
1:0.1, 1:0.01 and 1:0.001. The volume of the sample
solution was 10 ml. After 30 min incubation at 208C, the
reaction was quenched by the addition of 2 ml 1%
trifluoroacetic acid. The stopped reaction mixture was
subjected to both matrix-assisted laser desorption ioniza-
tion time-of-flight (MALDI-TOF) mass spectrometry (MS)
and SDS–PAGE (15% gel) analyses. Fragments isolated
from the SDS–PAGE gel were subjected to N-terminal
sequence analyses.
MALDI-TOF MS—Spectra were acquired on a MALDI-

TOF mass spectrometer (Voyager, Applied Biosystems,
Foster City, CA) equipped with a 337 nm nitrogen laser,
using a 20 kV extraction voltage and a time-delayed
extraction. A mixture of saturated 3,5-dimethoxy-
4-hydroxycinnamic acid (Sigma-Aldrich) in 33% acetoni-
trile and 0.1% trifluoroacetic acid was used as

the matrix. The proteolytic digestion mixture was dried
and dissolved in 5ml of 80% acetonitrile and 0.1%
trifluoroacetic acid for analysis. The fragment solutions
were mixed on a plate with the matrix in a 1:1 ratio and
dried at room temperature prior to measuring mass
spectra. Insulin chain B and myoglobin were used as
external standards for the molecular mass calibration.
Chemical Cross-link Analysis—The NECK fragment

solution (0.45 mg/ml in 20 mM sodium-/potassium–phos-
phate buffer pH 7.0, containing 400 mM NaCl) was used
for the chemical cross-linking experiment using BS3
[bis(sulphosuccinimidyl)suberate; Pierce, Rockford, IL].
The BS3 concentration in the reaction solution varied
between 0.1, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4 and 12.8 mM. After
the reaction at room temperature for 1 h, the content of
the cross-linked protein component was monitored by
SDS–PAGE (15% gel).
Circular Dichroism Spectrometry—CD spectra of the

NECK fragments were measured on a J-720 spectro-
polarimeter (Jasco, Easton, MD) at 208C. Four different
sample conditions were used; 20 mM citrate buffer, pH
4.0, including 100 or 400 mM NaCl for acidic conditions
and 10 mM sodium phosphate, pH 7.0 and 100 or 400 mM
NaCl for neutral conditions. Protein concentration was
kept to 20 mM in all CD experiments. Sample solutions
were placed in a fused silica cell (1 mm path length), and
36 scans were averaged. The fractional percentage of
a-helical content was calculated from [y]222 as described
previously (23).
N-terminal Sequencing—The N-terminal amino acid

sequences of the fragments were determined by auto-
mated Edman degradation using an Applied Biosystems
492 pulsed liquid phase sequencer equipped with an
on-line 785A phenylthiohydantoin derivative analyzer.
NMR Spectroscopy—The uniformly 15N- or

15N/13C-labelled NECK fragments were obtained from
the E. coli cells expressing the fragment grown in M9
minimal medium culture containing 15NH4Cl with or
without [U-13C]glucose. The purified proteins were
concentrated to give 170ml of 0.2 to 1.0 mM sample
solution. Sample buffer solution used for the resonance
assignment experiments was 20 mM citrate, pH 4.0,
containing 400 mM NaCl (5% D2O content for NMR
frequency lock). In the experiments for accessing the
dimer states, the solution comprising 20 mM Tris–HCl
pH 7.2, and 400 mM NaCl was used. The sample solution
was packed into a microcell (Shigemi Co. Ltd, Tokyo,
Japan) for NMR measurements.

Two-dimensional 1H-15N heteronuclear single quantum
coherence (HSQC) spectra and a set of three-dimensional
triple resonance NMR spectra were acquired at 298 K on
Bruker (Karlsruhe, Germany) 750 or 600 MHz NMR
spectrometers. To obtain the resonance assignments for
the backbone 1H, 15N, 13Ca, 13Cb and 13C’ nuclei, the
following spectra were used: HNCO, HNCA, HN(CO)CA,
HNCACB and CBCA(CO)NH. All data were processed
with the program NMRPipe (24) and the observed peaks
were subsequently picked by the PIPP program package
(25). The resultant peak tables were subjected to an
in-house, semiautomatic backbone resonance assignment
program JASS (Java script-based graphical backbone
resonance assignment tool), to accelerate the backbone
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resonance assignment process. The 1H chemical shifts
were referenced indirectly to external 2,2-dimethyl-
2-silapentane-5-sulphonic acid (DSS) as 0.0 ppm. Zero
frequencies for 13C and 15N chemical shifts were derived
from the experimentally obtained 1H frequency for DSS
by multiplying the relative frequencies by 0.251449530
and 0.101329118, respectively (26).

For the backbone resonance assignment of LOX-1
CTLD consisting of residues 143–273, 15N- and
15N/13C-labelled CTLD fragments were used, which
were prepared according to the procedure described in
our previous work (13). The NMR experiments were done
for the sample solution containing 0.5 mM of protein in
100 mM acetate buffer, pH 3.8, at 310 K. A standard set
of triple resonance spectra were used for the assignment.
The assignment process was done in the same way as
described earlier.
Analysis of the Dimer States of the NECK Fragment by

NMR—The 15N-labelled NECK fragment was dissolved
in 20 mM Tris–HCl pH 7.2 and 400 mM NaCl to a final
protein concentration of 0.2 mM. 1H-15N HSQC spectra
were measured at 298 K on a Bruker 750 MHz spectro-
meter. For the analysis of the reduced state of the NECK
structure, dithiothreitol (DTT) was added to the sample
solution up to a concentration of 10 mM to cleave the
inter-chain disulphide bond. To make up the random
structural state of the NECK domain, 200 mM guani-
dium chloride was added to the sample solution contain-
ing 10 mM DTT. After adding DTT and guanidium
chloride, the solution was adjusted to pH 7.2.

RESULTS

Oligomerization State of the NECK—The recombinant
NECK fragment formed a stable disulphide-linked dimer
during purification, which was revealed by SDS–PAGE
analysis of the NECK fragment in reduced and non-
reduced protein preparations (Fig. 2A). In a series of
chemical cross-linking experiments, using various con-
centrations of BS3 against a fixed amount of NECK
fragment (0.45 mg/ml), it was shown there was no higher
order protein assemblies over dimer (Fig. 2B).

Previous chemical cross-linking experiments using
LOX-1 expressed on CHO cell surface have shown that
LOX-1 forms, at least, a hexamer on the cell surface (12).
However, the present result demonstrates that hexamer
formation is not mediated by the NECK.
Limited Proteolysis to the NECK—Limited proteolysis

was performed to identify the structured parts in the
NECK. Cleavage by trypsin or a-chymotrypsin produced
discrete fragments (Fig. 3A). The smallest fragment
showing resistance to trypsin cleavage was assigned to
the region comprising residues 89–142 by MS and
N-terminal sequence analyses (Fig. 3B). The smallest
region resistant to a-chymotrypsin digestion comprised
residues 75–142 (Fig. 3B). Medium-sized fragments
generated by tryptic cleavage comprised residues,
81–142 and 80–142 (Fig. 3B). Partial a-chymotrypsin
cleavage also gave a mid-sized fragment made up of
residues 68–143 (Fig. 3B). The limited proteolysis experi-
ments consistently showed the region of the NECK
comprising residues 61–88 to be protease-sensitive.
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Fig. 2. Oligomerization state of the NECK fragment.
(A) The purified NECK fragment was analysed by SDS–
polyacrylamide gel electrophoresis with and without b-mercap-
toethanol treatment. (B) NECK fragment (0.45 mg/ml) was
incubated with various concentrations (top row, in mM) of the
cross-linker BS3 for 1 h at room temperature and analysed by
SDS–PAGE. The position of molecular weight marker proteins
are shown on the left, and the assignment of monomer and
dimer positions are on the right.

Fig. 3. Limited proteolysis of the NECK fragment.
(A) Effect of trypsin and chymotrypsin concentration on the
digestion of NECK. The NECK fragment was digested with
increasing amounts of protease. The weight-to-weight ratio of
NECK to protease was 1:0.1, 1:0.01 and 1:0.001 (from left to
right) for each protease; lanes 2–4 for trypsin, and lanes 5–7 for
a-chymotrypsin. Lane 1 shows SDS–PAGE analysis of the
isolated NECK fragment used for the limited proteolysis
experiments. The band indicated by an asterisk was generated
by adventitious proteolysis during purification of the NECK
fragment. (B) The identification of the scissile bond was
determined by N-terminal sequence analysis of each proteolytic
product (a–d in Fig. 3A). For fragment b, due to the clustering of
lysine residues, two possible cleavage sites were identified.
The cleavage sites identified for the soluble form of bovine
LOX-1 (29) are shown with the corresponding sequence of
human LOX-1 protease sensitive NECK region. The smeary
band marked by an asterisk contained a mixture of various
cleavage fragments that could not be clearly analysed.
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The N-terminal one-third of the NECK is, therefore, less
structured than the remaining part of the NECK.

It is interesting to note that the minimal protease-
resistant region, residues 89–142, of the human LOX-1
NECK largely corresponds to the repeating sequence
found in the rat LOX-1 NECK (Fig. 1B). Rat LOX-1
NECK domain has three repeating homologous
sequences, whilst bovine and human LOX-1 contain
only one corresponding repeating unit; each unit consists
of 46 amino acid residues rich in Glu, Gln, Leu and Lys
(27). Because of the insertion of two repeating sequence
units, the total length of rat LOX-1 NECK is longer than
that of the human protein (27). The observed protease
resistance of the region comprising a repeating unit in
human LOX-1 NECK domain suggests that the repeating
unit may function as a common scaffold in the NECK
among LOX-1 orthologs.

We address another relating observation to the mini-
mal protease resistant region in the human LOX-1
NECK. Cell-surface LOX-1 is known to be cleaved by
some proteases that are associated with the plasma
membrane (28, 29). The cleavage sites that generate the
soluble form of LOX-1 were identified for bovine LOX-1,
which shows high sequence similarity to the human
protein (i.e. 71.3% identity and 88.4% similarity) (29).
Interestingly, the protease cleavage sites in the soluble
form of bovine LOX-1 are almost coincident with the
N-terminal site for the minimal protease resistant
fragment in human LOX-1 (Fig. 3B). In vivo observations
of the soluble form of LOX-1 indicate that the NECK
comprises distinctive regions with different structural
stabilities, which is consistent with the present results
obtained for human LOX-1 NECK.
Structural Characterization of the NECK by CD—

Ultraviolet CD spectroscopy was used to elucidate the
secondary structure of the NECK. The NECK displays
similar ellipticity minima at 208 and 222 nm, character-
istic of a-helical coiled-coil structures for helix forming
peptides (Fig. 4A). The [y]222/[y]208 ratios observed under
various conditions are listed in Table 1. Because the n–��

transition (222 nm) is mainly indicative of the a-helical
content, whereas the �–�� transition (208 nm) polarizes
parallel to the helix axis, the ellipticity ratio [y]222/[y]208

is used as an indicator for the occurrence of a-helical
coiled-coil structure; [y]222/[y]208 ratio of 1.0 is expected
for a stable coiled-coil (30, 31). Only minor changes were
observed in the [y]222/[y]208 ratios and helicities for
the NECK under the applied conditions (Table 1),
demonstrating that hydrophobic interactions and salt
bridges are not effective in maintaining the NECK coiled-
coil structure, whilst the inter-chain disulphide bond
is crucial.

By using the C140S mutant, we elucidated the
structural role of the disulphide bond in the NECK.
The CD spectrum for the NECK(C140S) was compared
with that for the wild-type (Fig. 4A). Loss of the
disulphide bond resulted in a drastic reduction of
fractional helix content and [y]222/[y]208 ratio (Table 1).
The NECK coiled-coil structure is severely destabilized
by the loss of the inter-chain disulphide bond.
Furthermore, NECK(C140S) displays a significant CD
spectral change upon varying the pH and ionic strength,
in contrast to the disulphide-linked NECK (Table 1). The
results show that the single inter-chain disulphide bond
extends a-helical coiled-coil structure in the NECK.
The role of the disulphide bond is analogous to that of
the ‘trigger sequence’, which extends a-helical coiled-coil
structure (32).

The structural properties of the NECK protease resis-
tant region (residues 89–142) was explored using the
NECK fragment comprising residues 89–142, NECK-C.
The CD spectra for NECK and NECK-C in 0.1 M NaCl,
pH 7.0 were compared (Fig. 4A and B). The NECK-C
showed a larger [y]222/[y]208 ratio compared to that for
the NECK (Table 1). This indicates that the coiled-coil
region is localized to the C-terminal part of the NECK
(Fig. 4B). The loss of the inter-chain disulphide bond
consistently resulted in reduced helix content and [y]222/
[y]208 ratio in NECK-C, as found in the CD spectrum for
NECK-C(C140S) (Fig. 4B).

Fig. 4. CD spectra of LOX-1 NECK and NECK-C fragments.
(A) Comparison of the CD spectra for the NECK (solid line) and
NECK(C140S) (dotted line) fragments at pH 7.0 and 0.1 M NaCl

concentration. (B) CD spectra for the NECK-C (solid line) and
NECK-C(C140S) (dotted line) at pH 7.0 and 0.1 M NaCl
concentration.
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NMR Analysis of the NECK—To further characterize
the NECK structure, we performed NMR analysis of
the NECK fragment at pH 4.0 in 0.4 M NaCl, which
condition ensures the most stable coiled-coil structure as
elucidated by the CD spectra (Table 1). The number of
the cross peaks clearly observed in the 1H-15N HSQC
spectrum for the NECK was much less than expected;
we anticipated 87 backbone correlation signals but only
38 appeared in the spectrum (Fig. 5A). The observed
backbone signals were assigned using standard triple
resonance NMR data sets (Fig. 5A); the assigned amide
1H, 15N, 13Ca, 13Cb and carbonyl carbon chemical shifts
are available as supplemental data (Supplementary
Table S-1). Most of the assigned 1H-15N correlation
signals came from the N-terminal protease sensitive
regions and the short part in the C-terminal edge
(Fig. 5B). The remaining unassigned residues showed
severely broadened signals with limited signal intensi-
ties, which prohibited their resonance assignments
(Fig. 5C). The result suggests that the protease resistant
coiled-coil region is presumably in conformational
exchange among multiple conformational states on a
ms–ms timescale (Fig. 5C) (33). Thus, although the LOX-1
NECK C-terminal region is relatively protease resistant,
it does not adopt a stable rod-like structural unit. The
C-terminal region is also flexible in a different manner
from the N-terminus.
NMR Analyses of the NECK in Various States—To

further corroborate the structural dynamics of the
NECK, we compared the 1H-15N HSQC spectra for
the NECK in the presence and absence of DTT (Fig. 6A
and B). Because the optimal pH for the reduction by DTT
is in the rage from 7.1 to 8.0, we performed the
experiments in the neutral pH condition, pH 7.2.
Three additional isolated cross peaks were observed in
the 1H-15N HSQC spectrum at pH 7.2, which were
overlapped to other peaks in the spectra at pH 4.0
(Figs. 5A and 6A). The span for the unassigned region

in the NECK was not essentially altered by the pH
change in the presence of the disulphide bond, being
consistent with the CD data (Table 1). The cleavage of
the inter-chain disulphide bond increased the number of
signals in the 1H-15N HSQC spectrum (Fig. 6B). The
result demonstrates that the loss of the disulphide bond
facilitates conformational exchange and structural
flexibility of the NECK coiled-coil part. Note that the
sample pH was readjusted to 7.2 after the addition of
DTT so that the spectral change excluded any pH-related
effects. The NMR observation is consistent with the
reduced helix content for the NECK(C140S) revealed
by the CD spectra (Table 1). Loss of the inter-chain
disulphide bond reduces the structural stability of the
protein and, thus, increases the number of sharp NMR
signals. Analysis of the 1H-15N HSQC spectrum of the
NECK lacking a disulphide bond shows that 17 signals
are still difficult to observe. The corresponding residues
are located on the residual helix region, which is engaged
in conformational equilibrium on an intermediate NMR
chemical shift time scale, typically in the ms–ms time
range (Fig. 6B). A CD spectrum of NECK(C140S) at
neutral pH shows that the fragment retains 20% helical
content, corresponding to 18 residues (Table 1). The
estimated number of residues in the helix is in good
agreement with the number of broadened NMR signals
for the NECK observed under reducing conditions.

We observed 78 signals on the 1H-15N HSQC spectrum
for the NECK under extremely denaturing conditions
(10 mM DTT and 200 mM guanidium chloride, where the
pH was readjusted to pH 7.2) (Fig. 6C). The number of
observed signals is still less than anticipated (87 signals),
probably due to signal overlap caused by limited signal
dispersion. Taken together, the severely broadened NMR
signals for the NECK in the native state suggest that
the coiled-coil part is in conformational equilibrium on
an NMR timescale imposing signal broadening. Most
probably, the equilibrium is among the multiple

Table 1. Mean molar ellipticities at 202nm and 222nm, fractional helix content, and ratio for the ellipticities [y]222/[y]208.

Experimentsa [y]208/10
3

deg cm2 dmol�1
[y]222/10

3

deg cm2 dmol�1
Helicityb

(estimated residues in helix)
[y]222/[y]208

NECK [NaCl 0.4 M, pH4.0] �20.9 �18.1 0.46 (41) 0.87
NECK [NaCl 0.1 M, pH4.0] �20.7 �17.9 0.46 (41) 0.87
NECK [NaCl 0.4 M, pH7.0] �20.1 �17.2 0.44 (39) 0.86
NECK [NaCl 0.1 M, pH7.0] �20.7 �17.9 0.46 (41) 0.87
NECK(C140S) [NaCl 0.4 M, pH4.0] �18.2 �12.4 0.32 (29) 0.68
NECK(C14SS) [NaCl 0.1 M, pH4.0] �17.7 �11.6 0.30 (27) 0.66
NECK(C140S) [NaCl 0.4 M, pH7.0] �20.0 �7.9 0.20 (18) 0.54
NECK(C140S) [NaCl 0.1 M, pH7.0] �16.8 �9.6 0.25 (22) 0.57
NECK-C [NaCl 0.4 M, pH4.0] �22.5 �20.7 0.53 (32) 0.92
NECK-C [NaCl 0.1 M, pH4.0] �20.9 �19.5 0.50 (31) 0.94
NECK-C [NaCl 0.4 M, pH7.0] �20.0 �18.7 0.48 (29) 0.94
NECK-C [NaCl 0.1 M, pH7.0] �19.3 �18.0 0.46 (28) 0.93
NECK-C(C140S) [NaCl 0.4 M, pH4.0] �14.8 �10.4 0.27 (17) 0.70
NECK-C(C140S) [NaCl 0.1 M, pH4.0] �13.9 �9.5 0.24 (15) 0.68
NECK-C(C140S) [NaCl 0.4 M, pH7.0] �10.2 �6.3 0.16 (10) 0.61
NECK-C(C140S) [NaCl 0.1 M, pH7.0] �11.5 �7.4 0.19 (12) 0.64
aNECK denotes the NECK fragment containing full domain (residues 61–142). NECK-C denotes the C-terminal part of the NECK domain
(residues 89–142), determined by limited proteolysis. bExperimental fractional helix contents determined from mean molar ellipticities at 222 nm
at 208C with a protein concentration of 20 mM.
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conformational states, which may explain the extreme
broadening observed on the spectrum for the disulphide-
linked NECK (Fig. 5A).

DISCUSSION

Chimeric Coiled-coil Structure of the LOX-1 NECK—
The present work has shown that the human LOX-1
NECK domain has a chimeric coiled-coil structure,
which comprises a less-structured N-terminal region
and a C-terminal coiled-coil region that is in dynamic
conformational equilibrium among multiple conforma-
tional states.

The sequences of a-helical coiled-coils are known to be
characterized by a heptad repeat of seven residues,
denoted a to g, with a 3, 4 hydrophobic repeat of mostly
apolar amino acids at positions a and d (34, 35). Two-
stranded coiled-coil structures are stabilized by the
hydrophobic interface between the a-helices, where two

apolar residues in the ‘a’ and ‘d’-positions interlock in a
‘knob-into-hole’ fashion by the winding of helices around
one another (20, 36). The overall unstable nature of the
coiled-coil structure in LOX-1 NECK domain seems to be
explained from its sequence; no clear heptad repeat
can be found in the NECK (Fig. 1B). Although two
seven-residue fragments that contain apolar residues
in the first (a) and fourth (d) positions are present
[V62(a)-L66(d)-Q69 and L102(a)-M105(d)-T108], these
two regions are separated and cannot cooperatively
form a coiled-coil structure.

Careful inspection of the N-terminal NECK sequence
gives another structural insight. In the N-terminal part,
there are three consecutive seven-residue repeats having
glutamine residue at the ‘d’-position; L66(a)-Q69(d)-A72,
one-residue insertion (N73) and L74(a)-Q77(d)-K80,
L81(a)-Q84(d)-A87. The heptad repeats having gluta-
mine at the ‘d’-positions are found in the unstable coiled-
coil region of the scallop myosin rod, which can adopt two

Fig. 5. 1H-15N HSQC spectrum for the NECK fragment.
(A) Backbone resonance assignments are shown on the spectrum.
Sc indicates the signals from side chain atoms including GLN
and ASN side chain NH2 and ARG NeH, which are not
assigned in the present analysis. The spectrum was measured
for the 15N-labelled NECK fragment at pH 4.0 and 0.4 M NaCl
at 298 K. (B) Location of the assigned residues is indicated on

the NECK domain; the residues in gray shade were assigned
and the residues in the region indicated by a white box were
not assigned due to their severe signal broadening. (C) Close-up
view of a part of the 1H-15N HSQC spectrum for the
NECK with lower threshold to plot weak NMR signals.
Unassigned signals were seen as severely broadened correlation
peaks.
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different dimer structures in the asymmetric crystal unit
(37). In each dimer of the scallop myosin rod, the
‘d’-position glutamine (Q849) residues pack in a different
fashion; only one of the side chains forms a ‘knob-into-
hole’ contact with the opposite helix, and the other side
chain is oriented towards the solvent (37). Indeed, X-ray
crystal studies produced a poor density map of the
N-terminal residues of the scallop myosin rod structure
(37), indicating that the N-terminal region is structurally
unstable. Asymmetrically packed glutamine residues are
also found at the boundary between the coiled-coil and
non-coiled-coil regions of tropmyosin (38). These X-ray
results support the present observation that the
N-terminal LOX-1 NECK is less structured due to the
variant heptad repeats having a ‘d’-position glutamine.

Despite of the less-structured properties observed in
the present analyses, the N-terminal part of LOX-1
NECK is not a random coil. Some of the assigned amide
protons in the N-terminal region of the NECK have
shown clear sequential NH(i)-NH(iþ 1) NOEs (Fig. S1),
which strongly suggest that these connected residues
experience an a-helical conformation that maintain
neighbouring NH protons in spatial proximity to allow
significant magnetization transfer. Due to limited
signal dispersion in the NH dimension we could not
observe the entire sequential NOE connectivity for all
the N-terminal residues giving clear HSQC signals.

However, the observation of some clear NH(i)-NH(iþ 1)
NOEs provides evidence that the protease-sensitive
N-terminal region may transiently fold into an a-helical
structure, possibly forming a two-stranded coiled-coil as
anticipated from the sequence properties.

In the C-terminal coiled-coil region, the inter-chain
disulphide bond was shown to be effective in extending
the coiled-coil structure. The role of the disulphide bond
is apparently related to that of the ‘trigger sequence’.
The ‘trigger sequence’, comprising a short segment of
residues, is known to extend a parallel two-stranded
a-helical coiled-coil structure (32, 39). Indeed, a stable
coiled-coil structure is not formed by the heptad repeat
alone, but also requires the trigger sequence. The trigger
sequence typically comprises 13 residues with limited
sequence variations; the consensus sequence is
xxLExchxcxccx (x: any residue, h: hydrophobic residue,
c: charged residue) (32). The NECK sequence of LOX-1
does not contain a trigger sequence. The present
observation that the NECK extends the coiled-coil in
the presence of the inter-chain disulphide bond suggests
that the inter-chain disulphide bond functions to ‘zip up’
the coiled-coil dimer as the trigger sequence does
(Fig. 6A and B insets). The triggering effect does not
appear to extend as far as the N-terminal part of the
protein, which contains the variant heptad repeats
having intrinsically unstable structural property.

Fig. 6. Comparison of 1H-15N HSQC spectra for the
NECK fragments under various conditions. A: NECK with
an inter-chain disulphide bond at pH 7.2, 0.4 M NaCl. B: NECK
in the presence of 10 mM DTT. C: NECK in the presence of

10 mM DTT and 200 mM guanidium chloride as denaturant.
Insets; schematic images of the NECK conformational exchange
are given under each experimental condition.
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Structural and Functional Significance of the
Disulphide Bond in the NECK—Previous studies have
shown that loss of the inter-chain disulphide bond in
LOX-1 does not affect the binding activity for OxLDL on
the cell surface (12). However, the present work has
shown that the lack of the disulphide bond destabilizes
the NECK coiled-coil structure, which may cause the
disruption of the proper dimer arrangement of the CTLD;
the proper dimer arrangement of the CTLD is shown to
be essential for the ligand binding (13). This apparently
contradictory observation suggests that the other part of
the protein may exert a complimentary function to the
disulphide bond in the intact LOX-1.

We have shown by analytical ultracentrifugation
experiments that the LOX-1 CTLD (residues 143–273,

not including the disulphide bond at C140) behaves
as a monomer in solution at low protein concentration
(50 mM) (13). To further investigate the state of the CTLD
in solution, we compared the 1H-15N HSQC spectra for
the 15N-labelled CTLD at two different protein concen-
trations (Fig. 7A and B). It should be noted that the
CTLD used in these experiments does not contain C140.
The NMR spectrum for CTLD at 0.1 mM protein
concentration showed clear signals with apparently
equal intensities. By comparison, however, the spectrum
for 0.5 mM CTLD shows that some of the signals have
become broadened and/or disappeared (Fig. 7A and B).
The reduction in signal intensities due to the broadening
can be ascribed to an exchange between the dimer
and monomer states of CTLD on a ms–ms time scale.

Fig. 7. Concentration-dependent spectral changes in
the 1H-15N HSQC spectrum for human LOX-1 CTLD.
(A) 15N-labelled CTLD at 0.1 mM concentration. (B) 15N-labelled
CTLD at 0.5 mM concentration, with backbone resonance

assignments obtained under the same conditions. (C) The
residues that were not assigned due to severe signal broadening
are marked in red on the CTLD dimer structure (PDB accession
code: 1YXK) (13).
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The noted observation is that the residues showing
missing and/or broadened signals map to the dimer
interface of the CTLD crystal structure (Fig. 7C) (13).
The concentration-dependent spectral changes infer
that CTLD autonomously associates to a specific dimer
as found in the crystal structure at higher protein
concentration (Fig. 7C).

LOX-1 is known to form a cluster on the cell surface
(12), which achieves a local condensation of the protein.
Under the condition, CTLD should autonomously associ-
ate to form a specific dimer, thereby presumably zipping
up the coiled-coil structure at the C-terminal part of
the NECK in the absence of the inter-chain disulphide
bond. The induced NECK coiled-coil may synergistically
stabilize the dimer arrangement of the CTLDs. This
could explain the marginal functional role of the
disulphide bond in LOX-1 on the cell surface, despite it
being essential for coiled-coil formation in the isolated
NECK fragment.
The Biological Significance of the Chimeric Coiled-coil

Structure of the LOX-1 NECK Domain—A notable
feature of the LOX-1 NECK domain is that it consists
of distinct coiled-coil structures showing different stabi-
lities (Fig. 8A). Chemical cross-linking of LOX-1
expressed in CHO cells has shown that the protein
forms at least a hexamer on the cell surface, which
comprises three homodimeric forms of LOX-1 (12).
Comparison of the size of the CTLD dimer surface

(70 Å) with the diameter of low-density lipoprotein
(LDL) (250 Å), estimated by electron microscopy,
suggests the hexamerically clustered LOX-1 may be an
ideal size for interaction with an LDL particle (Fig. 8B)
(13, 40).

There is a paucity of structural data for LDL, which
consists of lipids and a single polypeptide component of
apolipoprotein B-100 (apoB-100), comprising about 4500
residues that wraps around the lipid particle. Sequence
analysis of apoB-100 indicates that there are clusters
of amphipathic a helices on the LDL surface (40). The
approximate number of amphipathic a helices has been
estimated to range from 51 to 65 according to the
subclass of LDL (40). Further sequence analysis of
apoB-100 has revealed the presence of nine repeated
amphipathic helical regions consisting of a 22-residue
consensus sequence (41). The consensus sequence,
DFIDEFNEKLKDLSDQLNDFLN, forms the amphi-
pathic a-helix that exposes negatively charged residues
to the solvent (13). Based on sequence analysis of apoB-
100, we previously proposed the mode of interaction of
LOX-1 with OxLDL (13). Our analysis indicated that
the LOX-1 dimer surface, which harbours the basic
spine, recognizes a negatively charged amphipathic helix
of apoB100 on the LDL surface. Thus, LOX-1 proteins
in the hexameric cell surface cluster simultaneously
interact with OxLDL at multiple amphipathic helices on
the LDL particle.

The apparent affinity of LOX-1 on the cell surface for
OxLDL was estimated to have a Kd¼ 1.7� 10�8 M (5).
We have recently conducted surface plasmon resonance
(SPR) experiments which show that a single LOX-1
dimer has a much lower affinity for OxLDL (Kd in the
order of 10�5 M) compared with LOX-1 clustered on the
SPR sensor (Kd in the order of 10�10 M) (Ohki, I. et al., in
preparation). These results suggest that the clustering of
LOX-1 on the cell surface is essential for multiple-site
binding to OxLDL to gain binding specificity. LOX-1
proteins within the cluster on the cell surface must locate
binding sites on the OxLDL particle, comprising amphi-
pathic helices with negative surface charges. During
this process, the flexible NECK structure may facilitate
the necessary interactions (Fig. 8A and B). The flexible
NECK structure in LOX-1 probably plays an analogous
role to the unstable coiled-coil region in smooth muscle
myosin ‘head-rod junction’, where a flexible region
around the junction is required for optimal mechanical
performance (37, 42).

In the present study the LOX-1 NECK, per se, was
not shown to form higher order assemblies over
the disulphide-linked dimer. The CTLD does not form
higher order protein assemblies (13). The LOX-1 cluster
formation on the cell surface (12) is not mediated by an
intrinsic property of LOX-1 protein. Other factors must
be engaged in the LOX-1 clustering.

The well-characterized receptor assembly found for the
DC-SIGN, another member of the CTLD protein family,
may be related to the LOX-1 assembly process. DC-SIGN
forms a NECK-mediated tetramer but its higher-order
assembly, over tetramer, on the cell surface is essential
for the DC-SIGN function; randomly distributed tetra-
meric DC-SIGNs on the cell do not capture virus-sized
particles (43). It is shown that DC-SIGN forms an

Fig. 8. Schematic representation of LOX-1 on the cell
surface. (A) Human LOX-1 is anchored on the cell surface by
the unstable coiled-coil structure and unstructured part of the
NECK, which allows free precession of the ligand-binding
domain, CTLD, to seek out the binding sites on OxLDL. We
hypothesize that the LOX-1 binding sites are the repeating
amphipathic helices that expose a negatively charged surface,
based on the proposed LDL structural model (40). (B) LOX-1
forms a hexamer, which consists of three dimers, on the cell
surface (12). Clustered LOX-1 binds to the amphipathic helices
on the LDL surface by flexibly adjusting the CTLD orientation
against OxLDL using the flexible structure of the NECK
domain.
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assembly in the lipid-raft, a cholesterol enriched patch on
the cell membrane, which limits lateral diffusion of the
receptor on the cell surface. We think, thus, that LOX-1
cluster is also mediated by the lipid-raft on the cell
surface.

In conclusion, the present work has revealed that the
human LOX-1 NECK domain possesses a chimeric coiled-
coil structure. Specifically, the NECK domain comprises
a flexible N-terminal coiled-coil region that transiently
folds and a more stable coiled-coil part at the C-terminus,
which is in dynamics equilibrium among multiple
conformational states on a ms–ms time scale (Fig. 8A).
It is remarkable that the LOX-1 NECK does not form a
rod-like uniform coiled-coil as anticipated from its overall
sequence similarity to the coiled-coil part of the myosin
heavy chain. The unique NECK structure of LOX-1 may
facilitate efficient binding of the LOX-1 clustering on the
cell surface to multiple binding sites on OxLDL particle,
which are made up of amphipathic repeating helices in
apoB100 (13). Thus, the NECK domain instigates specific
interactions between the clustered receptors on the cell
and the OxLDL particle (Fig. 8B). We have shown that
the clustering of LOX-1 is not mediated by the intrinsic
property of LOX-1. Based on the preceding finding for
DC-SIGN, which shows lipid-raft mediates the receptor
clustering on the cell (43), LOX-1 clustering may also be
facilitated by the lipid-raft in the cell membrane.
According to the concentration-dependent NMR signal
changes for the LOX-1 CTLD (Fig. 7), the CTLD was
shown to autonomously form the specific dimer as found
in the crystal structure (13). The CTLD, thus, should
stabilize the NECK coiled-coil dimer and synergistically
the CTLD dimer itself by zipping up the NECK coiled-
coil region, whose role being comparable for the inter-
chain disulphide bond solely found in the human NECK
among LOX-1 orthologs. This autonomous dimerization
of the LOX-1 CTLD under the condensed state, as in the
cluster on the cell surface, may explain the discrepant
in vivo observation, which shows the marginal functional
significance of the disulphide bond in the human LOX-1
NECK expressed on the cell (12).

Supplementary data are available at JB online.
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