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Upon spinal cord injury, the myelin inhibitors, including the myelin-associated glycoprotein (MAG),
Nogo-A and the oligodendrocyte myelin glycoprotein (OMgp), bind to and signal via a single neuronal
receptor/co-receptor complex comprising of Nogo receptor 1(NgR1)/LINGO-1 and p75 or TROY, impeding
regeneration of injured axons. We employed a cell-free system to study the binding of NgR1 to its co-

KeyWO_rdS'-' receptors and the myelin inhibitor Nogo-A, and show that gangliosides mediate the interaction of
Ganglioside NgR1 with LINGO-1. Solid phase binding assays demonstrate that the sialic acid moieties of gangliosides
]I:IloNgcc’)or_c}ceptor and the stalk of NgR1 are the principal determinants of these molecular interactions. Moreover, the tri-
Nogo-A partite complex comprising of NgR1, LINGO-1 and ganglioside exhibits stronger binding to Nogo-A
p75 (Nogo-54) in the presence of p75, suggesting the gangliosides modulate the myelin inhibitor-receptor

signaling.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Following spinal cord injuries, the central nervous system axons
are usually unable to regenerate due, in part, to a number of
growth inhibitory factors that are present at the site of lesion [1].
The three myelin-specific inhibitors, MAG, OMgp, and Nogo-A,
bind to a single receptor/co-receptor complex that includes the
Nogo receptor (NgR1), LINGO-1 and either the p75 or TROY co-
receptors [2-5]. The signal transducer p75 then undergoes regu-
lated intramembrane proteolysis (RIP) by the combined action of
alpha and gamma secretase activities. This releases an intracellular
signaling peptide that induces Rho GTPase activation, inhibiting
the axonal growth [6]. It is speculated that TROY can function in
lieu of p75 but it is unclear whether it can undergo similar RIP.
There is a functional redundancy between the inhibitors and the
presence of any one inhibitor is sufficient to prevent regeneration
by activating the common receptor/co-receptor complex. Interest-
ingly, studies conducted over the past few years have revealed that
trisialoganglioside (GT1b) and disialoganglioside (GD1a) are func-
tional binding partners of MAG and may play a role in transloca-
tion of p75 to lipid rafts to initiate signal transduction [7]. It has
also been shown that NgR1 has the ability to bind GT1b which
could be important for its interaction with MAG [8].

NgR1 is a glycophosphatidyl (GPI)-anchored cell-surface recep-
tor. In addition to NgR1, two other receptor isoforms, NgR2 and
NgR3, were identified based on sequence similarity and biochemi-
cal homology [9-11]. N-terminally, Nogo receptors are comprised

* Corresponding authors. Fax: +1 212 7173135.
E-mail addresses: sahan@mskcc.org (N. Saha), nikolovd@mskcc.org (D.B.
Nikolov).

0006-291X/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2011.08.060

of highly conserved eight leucine-rich repeats (LRR) flanked by
the N- and C-terminal cap regions (LRRNT and LRRCT, respec-
tively), typical of the LRR family proteins [12]. The LRR domain is
connected to the GPI membrane anchor via a “stalk” region.
Although the stalk sequence is quite divergent among the NgRs,
its importance has been clearly highlighted in the interaction of
NgRs with their myelin inhibitors [13]. Cell-based and co-immuno-
precipitation assays have pointed to the fact that the entire ectodo-
main of NgR1 is necessary for interaction with LINGO-1 and TROY,
or with LINGO-1 and p75 [4,5]. To better understand the protein-
protein interactions regulating these myelin-specific inhibitory
signals and the role of gangliosides, we performed and describe
here solution-based binding studies with the myelin inhibitor
Nogo-A and its neuronal receptor/co-receptor complexes.

2. Materials and methods

Details regarding reagents constructs, cell culture, protein puri-
fication are provided in Supplementary data.

2.1. In vitro pull down experiments

In vitro “pull-down” experiments were performed with
Protein-A-Sepharose in 10 mM HEPES (pH 7.4), 150 mM NacCl,
0.05% Triton-X100 at 25 °C for 1 h. The Protein-A-Sepharose bound
protein mixtures were washed with the binding buffer and ana-
lyzed by SDS-PAGE (12.5%). To perform binding in presence of
the trisialoganglioside (GT1b Na salt), the Fc-tagged proteins were
preincubated with the glycolipid at a molar ratio of 1:10. For pull
down with GST-Nogo-54, GST was used as a control.
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2.2. Solid-phase binding assays

2.2.1. Binding experiments

Wells of a 96-well microtiter plate were coated in sextuplicate
overnight at 4 °C with 0.1 ml of proteins, glycoproteins (2.5 ng/
0.1 ml of HEPES buffer pH 7.4) or glycolipids/phospholipids
(1 ng/0.1 ml in methanol). GT1b-Na (referred to as GT1b in the
text) was coated in HEPES buffer. Unbound proteins and glycocon-
jugates were decanted and the wells, after blocking with non-fat
dry milk, were incubated with various proteins at 25 °C for 1 h.
Finally the color was developed (Supplementary data) and the
readings were measured at Ayso. Purified Fc fragment was used
as a control and the A4s0 values were normalized with respect to
Fc. The binding to GST-Nogo-54 was normalized with respect to
GST.

2.3. Size exclusion chromatography

To measure the stoichiometry of the NgR1-Fc/LINGO-1/GT1b
complex, we mixed NgR1-Fc, LINGO-1 and GT1b and subjected to
gel filtration chromatography on a SD-200 (10/30 column, GE
Healthcare) equilibrated with the same buffer. The column was
pre-calibrated with a set of protein markers to evaluate the precise
molecular weight and the stoichiometry of the complexes.

3. Results and discussion
3.1. Ganglioside mediate the interaction of NgR1 with LINGO-1

The Fc-fused ectodomains of NgR1 and the NgR2 are referred to
as NgR1-Fc and NgR2-Fc, while the truncated versions comprising
of the LRR repeats, as NgR1LRR or NgR2LRR, respectively. The ecto-
domain of LINGO-1 (35-549) comprises of LRRNT, LRR and LRRCT
followed by a compact Ig module. The proteins were expressed
and purified from the culture supernatants of HEK93 or Hi-five
cells (Supplementary data). The proteins migrated at higher molec-
ular weight than that predicted from their amino acid composi-
tions due to glycosylation (Fig. 1A). We employed ELISA-based
assays to study the interaction of NgR1 with LINGO-1 and p75 both
in the presence and absence of ganglioside, using a ten fold molar
excess of the glycolipid. The concentrations of Fc tagged proteins
and anti-Fc antibody used for the binding assays were chosen from
a predetermined antigen/antibody titration (Supplementary data).
As observed in previous studies [4,14], we detected a binary inter-
action between the ectodomains of NgR1 and LINGO-1, NgR1 and
p75 as well as LINGO-1 and p75 (Fig. 1B and C). However in the
presence of GT1b, the interaction between LINGO-1 and NgR1
was significantly (three fold) stronger than that without the glyco-
plipid. The GT1b did not affect the binding of LINGO-1 to p75 or
NgR1 to p75 (Fig. 1B and C). The results corroborate previous stud-
ies, but they also show for the first time that GT1b directly influ-
ences the interaction of NgR1 with LINGO-1.

3.2. The entire NgR1 ectodomain is required for the formation of a 2:1
complex with LINGO-1 in presence of ganglioside

Our biochemical pull down and ELISA-based experiments con-
firmed that NgR1 binds to LINGO-1 in the presence of GT1b
(Fig. 2A and B). For the ELISA-based experiments we used microti-
ter plates pre-coated with GT1b. The homolog NgR2, which differs
from NgR1 mostly in the stalk region, did not interact with LINGO-
1 in presence or absence of GT1b (Fig. 2A, right panel). The deletion
mutant NgR1 LRR also did not bind to LINGO-1 in presence or ab-
sence of GT1b indicating the stalk was necessary for complex for-
mation (Fig. 2A). The results were further corroborated by
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Fig. 1. Interaction of NgR1 with LINGO-1 and p75 in presence and absence of
ganglioside (A) SDS-PAGE analysis of the purified proteins with or without the Fc
tags. A standard set of protein markers were used to compare the subunit molecular
weights (kDa) of the components. (B) Binding of NgR1-Fc and p75-Fc to LINGO-1
immobilized on microtiter wells in the presence and absence of GT1b. Briefly 4 pg
of the Fc tagged proteins were used for assay. To monitor binding in the presence of
GT1b, the proteins were mixed with the glycolipid at a molar ratio of 1:10. (C)
Binding of NgR1-Fc and LINGO-1-Fc to p75 immobilized on microtiter wells in the
presence and absence of GT1b. As above 4 pg of the Fc-tagged proteins were used
for the assays.

biochemical pull down experiments (Fig. 2B). It is to be noted that
in the pull-down experiments, unlike in the ELISA-based ones, we
did not observe direct interaction between the ectodomains LIN-
GO-1 and NgR1 in the absence of ganglioside. This is likely due
to the fact that the pull-down experiments are less sensitive than
the ELISA-based ones and detect only more stable complexes. We
observed weak binding of NgR1 to pre-coated GT1b but the bind-
ing was significantly enhanced (fivefold) in the presence of LIN-
GO-1. LINGO-1-Fc alone exhibited little or no binding to GT1b
(Fig. 2A, left panel). The NgR2-Fc and its truncated version NgR2
LRR bind GT1b weakly (Fig. 2A right panel), almost to the same ex-
tent as its homolog NgR1-Fc but clearly showed no evidence of
complex formation with LINGO-1. The truncated NgR1 LRR binds
GT1b to the same extent as NgR1 ectodomain (Fig. 2A, left panel)
suggesting that the FRG motifs in the LRR domains of NgRs might
be responsible for the interaction [8]. The results clearly demon-
strate that the principal determinants of NgR1/LINGO-1 complex
formation are (i) GT1b and (ii) the stalk of NgR1 comprising of res-
idues 312-460.

We next used size exclusion chromatography to study the
NgR1/LINGO-1/GT1b complex formation. We mixed GT1b with
NgR1 (30-460)-Fc and LINGO-1 and applied to a Superdex-200
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Fig. 2. Ganglioside mediated interaction of LINGO-1 with NgR1 A. (left panel) Binding of NgR1-Fc, NgR1LRR-Fc and LINGO-1 and (right panel) NgR2-Fc, NgR2LRR-Fc and
LINGO-1 to precoated GT1b ELISA plates. Briefly, the Fc tagged NgRs were mixed with LINGO-1 at 1:1 M ratio and added to wells of microtiter plates precoated with GT1b. The
data represent average of sextuplicate determination. The experiment was repeated twice and the maximum dispersion was within 10% of the mean value B. LINGO-1 binds
to NgR1 (30-460)-Fc, but not to NgR1LRR (30-311)-Fc, in the presence of GT1b. Before addition to Protein-A beads, 1 ml fractions of NgR1-Fc (2 j1g) or NgR1LRR-Fc (5 pg) were
incubated with GT1b at a molar ratio of 1:10. The protein-ganglioside mixture was then incubated with LINGO-1 (4 ng, input), before addition to Protein-A Sepharose beads.
The Protein-A bound (bead bound) and input fractions were analyzed on SDS-PAGE. LINGO-1 incubated with GT1b alone was used as a control. C. The elution profiles of NgR1
(30-460)-Fc, LINGO-1, and their GT1b-mediated complex, resolved on a Superdex-200 10/30-gel filtration column. Briefly, NgR1 (30-460)-Fc (100 png), LINGO-1 (200 pg),
GT1b were mixed and resolved on the column as indicated on the figure. The molar concentration of GT1b was 10:1 with respect to NgR1-Fc and 4:1 with respect to LINGO-1

in the protein-glycolipid mixtures.

(SD-200; GE Healthcare) gel-filtration column. Separately, we per-
formed gel-filtrations with mixtures of GT1b/NgR1 (30-460)-Fc
and GT1b/LINGO-1 at the same molar ratio. As evidenced from
the overlay of the gel-filtration profiles (Fig. 2C, right panel),
NgR1-Fc, LINGO-1 and GT1b form a stable ternary complex in solu-
tion migrating as a single, distinct peak. Based on the estimated
molecular weights, the complex was essentially a 1:2 heterodimer
of LINGO-1 and NgR1-Fc. Uncomplexed NgR1-Fc elutes as a dimer
while uncomplexed LINGO-1 migrates as a tetramer. The fact that
in the absence of GT1b, a mixture of NgR1 and LINGO-1 migrates as
two separate peaks (Fig. 2C, left panel) points to the fact that stable
complex formation occurs only in the presence of GT1b.

3.3. Sialic acid moieties mediate the interaction of NgR1 and LINGO-1

It is evident from the results reported above that the interaction
of LINGO-1 and NgR1 is mediated by ganglioside GT1b. Ganglio-

sides, such as GT1b, GD1b (disialoganglioside) and GM1 (monosia-
loganglioside), are glycosphingolipids consisting of two parts: a
hydrophobic ceramide unit and a hydrophilic oligosaccharide
chain with sialic acids as the terminal sugar residues. The ceramide
moiety roots the ganglioside to the plasma membrane. To estimate
the relative contributions of the ceramide and the oligosaccharide
moieties in the complex formation, we used three different gan-
gliosides (GT1b, GD1b, and GM1) and the glycoproteins fetuin
and ovalbumin. The gangliosides differ only in the number of their
terminal sialic acids [15]. The glycoproteins fetuin and ovalbumin
with their polypeptide backbone are chemically different class of
molecules. Fetuin has three N-linked complex-type and three ser-
ine/threonine- or O-linked oligosaccharide units, while ovalbumin
contains a single Asparagine- or N-linked oligomannosidic unit
[15]. In ELISA-based binding experiments NgR1-Fc/LINGO-1 bound
fairly strongly to GT1b, GD1b, and fetuin but relatively weakly to
GM1. We did not detect any binding to ovalbumin (Fig. 3A). This
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Fig. 3. Sialic acid is the critical determinant of the NgR1, LINGO-1 interaction (A) The wells of ELISA plates were precoated with gangliosides, phopholipids (1 pug/0.1 ml of
methanol) or glycoprotein fetuin and ovalbumin (2.5 pg/0.1 ml in HEPES buffer pH 7.4). NgR1-Fc and LINGO-1 (1:1 M ratio) was added to different gangliosides, glycoproteins
or phospholipids immobilized on wells of microtiter plates. The data represent average of sextuplicate determinations and the experiment was repeated three times. The
maximum dispersion was within 10% of the mean value. (B) The monosaccharide sialic acid inhibits NgR1-Fc + LINGO-1 binding to GT1b. NgR1-Fc and LINGO-1 (1:1 M ratio)
was preincubated with various amounts of the monosaccharides for 30 min at 25 °C and then added to wells precoated with GT1b. Percent inhibition was calculated using the
data of NgR1-Fc + LINGO-1 binding to GT1b as the positive control. (C) Binding of NgR1-Fc + LINGO-1 to sialidase (neuraminidase) treated fetuin and gangliosides. The data
represent average of sextuplicate determinations and the experiment was repeated three times. The maximum dispersion was within 10% of the mean value.

indicated that (i) only the oligosaccharide moieties with terminal
sialic acids are capable of binding to NgR1-Fc/LINGO-1 and that
(ii) the chemical entity of the backbone does not play a significant
role in the binding. To further elucidate this, we next performed
binding assays with another class of phospholipids, phosphatidyl-
choline (PC), phosphatidylethanolamine (PE), and phosphatidylser-
ine (PE). Like ceramide, these phospholipids are constituents of the
lipid bilayer. The results show that these phospholipids do not
facilitate complex formation (Fig. 3A).

We next examined the ability of simple sugars or monosaccha-
rides, such as sialic acid, galactose, N-acetyl glucosamine, to inhibit
complex formation. The choice of these sugar residues was largely

dictated by the fact that the N-linked oligosaccharide chains of
GT1b, GD1b, and fetuin are composed of these sugar units. In ELI-
SA-based experiments (Fig. 3B) sialic acid strongly inhibited the
binding of NgR1-Fc/LINGO-1 to GT1b while the other monosaccha-
rides, galactose, N-acetylglucosmine, and mannose, had no effect.
This suggested that the sialic acid moiety was necessary and suffi-
cient for binding and complex formation. This was further con-
firmed by the fact that sialidase treatment of GT1b, GD1b, GM1
and fetuin completely abrogated the binding (Fig. 3C).

It is interesting to note that when the oligosaccharide chain is
extended, the two-carboxyl groups in the sialic residues of GT1b
are located about 15-20A° from the membrane surface [16]. The
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terminal sialic acid, therefore, can interact in cis with the ectodo-
main of NgR1 and modulate its interaction with LINGO-1. It is
difficult to conclude from our study, however, if the stalk, apart
from the three FRG motifs in the leucine rich repeats, directly binds
GT1b. It can only be concluded that the tandem sialic acid moieties
and the stalk of NgR1 are required for efficient complex formation
with LINGO-1. This type of cis interaction between a protein and
GT1b has previously been reported for the leukocyte cell surface
antigen CD38 [16,17]. However, to our knowledge this is the first
demonstration that carbohydrate moieties mediate the interaction
between a cell-surface receptor and its co-receptor.

3.4. The transducer p75 influences the binding of the ternary complex
NgR1/LINGO-1/GT1b to Nogo-A

Next we investigated whether the ternary complex comprising
of NgR1, LINGO-1 and GT1b could interact with Nogo-54 in the
presence and absence of p75. Nogo-54, an extracellular fragment
of the myelin inhibitor Nogo-A, is functionally similar to the com-
monly used Nogo-66 fragment but is much more soluble and well
structured [18]. The NgR1-Fc/LINGO-1/GT1b used for the study
was purified as a complex on a SD-200 column (as mentioned pre-
viously). The protein p75 was added at a 1:1 M ratio with respect
to the NgR1-Fc/LINGO-1/GT1b complex, or to a mixture of NgR1-
Fc and LINGO-1 (1:1). For comparison, we included the binding
of NgR1 alone to GST-Nogo-54. The ELISA based assays showed
that p75 enhances the binding of the ternary complex (NgR1/LIN-
GO-1/GT1b) to Nogo-54 significantly (4.5-fold) as compared to the
complex alone (Fig. 4A). Likewise, the binding was four fold higher
as compared to the binding of NgR1 alone to Nogo-54. There was a
nominal decrease in the binding of NgR1 to Nogo-54 in the pres-
ence of p75 and LINGO-1 (no GT1b).

The pull-down experiments also showed that the preformed
ternary complex, consisting of NgR1-Fc/LINGO-1/GT1b interacts
strongly with p75 and Nogo-54 when both molecules were present
in the reaction mixture (Fig. 4B). At this point, the precise molecu-
lar mechanism by which the ternary complex simultaneously
interacts with p75 and Nogo-54 is unclear. However, this network
of interactions suggests that there may be two distinct steps in-
volved in the complex formation: (i) GT1b mediated association
of NgR1/LINGO-1 to form a functional receptor/co-receptor com-
plex and (ii) simultaneous recruitment of the transducer p75 and
the myelin inhibitor Nogo-54. It is also possible that once the
GT1b-mediated tripartite receptor/co-receptor complex is formed
between NgR1/LINGO-1 and p75, the overall affinity of NgR1 for
the Nogo-54 ligand is enhanced (Fig. 4C).

4. Synopsis

We document that gangliosides can facilitate the interactions of
the Nogo receptor (NgR1) with its co-receptors LINGO-1, p75 and
the myelin inhibitor Nogo-A. The interaction of NgR1 with LIN-
GO-1 is directly mediated by the carbohydrate moiety of GT1b.
The reported results also indicate that GT1b is an important con-
stituent of the previously known tripartite receptor/co-receptor
complex comprising of NgR1/LINGO-1 and p75. The solution stud-
ies with purified components delineate the Nogo receptor-myelin
inhibitor interactions, and could be used to design high throughput
screens (e.g. using homogeneous time resolved fluorescence spec-
troscopy) of chemical libraries for antagonists that disrupt these
interactions and promote neuronal regeneration following spinal
cord injury and paralysis.
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Fig. 4. Interaction of the NgR1/LINGO-1/GT1b complex with Nogo-54 in presence
and absence of p75 A. Binding of the ternary complex NgR1-Fc/LINGO-1/GT1b to
GST-Nogo-54 immobilized on microtiter beads in the presence and absence of p75.
For direct binding of NgR1-Fc to GST-Nogo-54 we used 4 g of the Fc tagged
protein. B. The ternary complex NgR1, LINGO-1, and GT1b bind to Nogo-54 and p75
when they are both present. A mixture of GST-Nogo-54 (6 ng) or p75 (12 pg) does
not bind to NgR1-Fc and LINGO-1 in absence of GT1b. Binding occurs when p75 and
GST-Nogo-54 are simultaneously added, in presence of GT1b, to the NgR1-Fc/
LINGO-1complex pre-bound on Protein-A-Sepharose beads. The Protein-A (bead
bound) and input fractions were analyzed on SDS-PAGE. C. Schematic represen-
tation of the ganglioside mediated interaction of the myelin inhibitor (Nogo-A) with
the receptor/co-receptor complex.
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