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The nervous system

The nervous system of vertebrates consists of the central nervous system (CNS; brain, 
spinal cord, optic nerves and retina) and the peripheral nervous system (PNS; all other 
nerves). In the nervous system, specialized cells called neurons form connections with 
other neurons to form functional circuits. These connections between neurons are called 
synapses, where neurons transmit electric signals to other neurons. The electrochemical 
signals that travel through neurons are called actions potentials, which can either activate 
or inhibit signaling in the post-synaptic target neuron. 
The processes that sprout from the cell body of the neuron and branch out to form these 
connections are called neurites, of which there are two types: dendrites and axons. A 
neuron can have many dendrites to receive signals from other neurons, but has only one 
axon to generate an output signal. During early neuronal development, the axon has 
not yet specialized and therefore all processes sprouting from neurons are referred to as 
neurites. Both axon and dendrites can each form many synapses to establish functional 
circuitry1,2. 
Apart from neurons, the nervous system comprises glial cells that support the neurons 
in their function. The four types of glia are myelin cells (Schwann cells in the PNS, 
oligodendrocytes in the CNS), astrocytes, microglia (macrophage-like cells of the 
CNS) and ependymal cells (epithelial cells of the ventricular system of the CNS)1,2. 
Myelination by Schwann cells or oligodendrocytes provides enhanced conductance 
velocity, a decrease in the electrical capacitance, electrical insulation, physical protection 
and metabolic support of long axons3. Whereas Schwann cells individually wrap around 
a segment of axon, a single oligodendrocyte can sprout multiple processes that each 
wrap around a segment of axon. These processes resemble individual Schwann cells and 
can enwrap the same or different axons. The gaps in between these Schwann cells or 
oligodendrocyte processes are known as the nodes of Ranvier. The primary myelin-axon 
interface enclosed by these nodes of Ranvier is known as the internode, whereas the 
sections bordering the node of Ranvier are called paranode and juxtaparanode (paranode 
being the closest to the node of Ranvier, see fig. 1)3. The high lipid content of myelin 
cells gives myelinated tissue a white appearance, hence the term white matter. Grey 
matter on the other hand consists mostly of the cell bodies of neurons and astrocytes, 
rather than myelinated axons1,2.
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Nervous system regeneration upon injury

Damage of the nervous system by injury or disease can be very debilitating if not deadly. 
However, neurons have regenerative capacity and are plastic by nature to allow learning4. 
Neurons can sprout new neurites to form alternative connections and if an axon is cut, 
an axonal growth cone can be formed that extends to new target neurons to restore 
circuitry4. Whereas regeneration in the PNS can be robust5, regeneration in the adult 
CNS is generally very limited4,6. Physical damage to the CNS (e.g. spinal cord or brain 
injury) causes the formation of a glial scar at the site of injury, containing myelin debris, 
reactive astrocytes, microglia and extracellular matrix components7. Molecules present at 
this glial scar inhibit neurite outgrowth and induce collapse of axonal growth cones7. In 
particular, molecules expressed by oligodendrocytes were found to inhibit plasticity and 
regeneration8–10. Often, these molecules are also involved in guiding axons and neurites 
to their targets during early development of the nervous system4. However, in case of 
injury, they pose barriers that limit the capacity of neurons to regenerate4. Interfering 
with this signaling could be an approach to stimulate regeneration and enhance recovery 
after CNS injury.
Apart from external factors that influence the plasticity of neurons, intrinsic neuronal 
signaling mechanisms have been recognized that limit the regeneration potential of adult 
neurons even if all external factors are removed (e.g. the presence of certain transcription 
factors required for synthesis of proteins involved in regeneration processes)11. However, 
in this work, I will focus on external guidance cues and more specifically, the myelin-
associated inhibitors of regeneration and their signaling through the central Nogo 
Receptor (NgR).

Myelin-associated inhibitors of regeneration: MAG, Nogo and OMgp

Three myelin-expressed proteins were identified as having regeneration-inhibiting 
properties, called myelin-associated inhibitors of regeneration (MAIs). Myelin-associated 
glycoprotein (MAG; also known as Siglec4a) is a myelin-expressed cell adhesion 
molecule normally expressed at the axon-myelin interface along the internode. It is a 
type 1 single-pass transmembrane protein with an extracellular segment comprising five 
immunoglobulin-(Ig)-like domains. Recombinantly-expressed extracellular domain of 
MAG was found to inhibit neurite outgrowth and immuno-depletion of MAG from 
an inhibitory fraction of CNS myelin protein restored neurite outgrowth on that 
myelin substrate12. Simultaneously, another lab identified MAG as a MAI by showing 
that neurite outgrowth was reduced when neurons were grown on a support of MAG-
expressing COS-7 cells as compared to controls13. 
Later, the myelin-expressed protein Nogo, also known as Reticulon-4, was found to 
inhibit neurite outgrowth similar to MAG14,15. Three different isoforms of Nogo, known 
as Nogo-A, Nogo-B and Nogo-C share a sequence of 66 amino acids that is responsible 
for neurite outgrowth inhibition. This sequence, known as Nogo66, is flanked by two 
transmembrane helices and exposed to the extracellular side of the plasma membrane14. 
Nogo-A, -B and -C have been reported to form a heteromeric complex on the cell 
surface16.
Thirdly, Oligodendrocyte myelin glycoprotein (OMgp) was found to have a similar 
neurite outgrowth-inhibiting effect as MAG and Nogo6617,18. OMgp is predicted to 
consist of an N-terminal leucine-rich repeat (LRR) domain followed by a glycosylated 
stalk and a glycophosphatidylinositol (GPI)-anchoring sequence17,18. Interestingly, 
OMgp is expressed by oligodendrocytes as well as neurons19. OMgp was later found to 
also bind MAG20, but it remains unclear whether this interaction happens in cis or in 
trans.
In short, the three myelin proteins MAG, Nogo and OMgp were identified as 
inhibitory molecules towards regeneration. These three MAIs are all expressed at the 
oligodendrocyte plasma membrane yet they are structurally and topologically dissimilar, 
as MAG is a type 1 single-pass transmembrane protein, Nogo has two membrane-
spanning helices enclosing an extracellular domain and OMgp is GPI-anchored, thus 
lacks an intracellular domain (Fig. 2).

Figure 1: Overview of myelin domains
Slice through a myelinated axon, indicating the different regions around a node of Ranvier, as well as 
the periaxonal space. 



Chapter 1 General introduction

C
ha

pt
er

 1

1312

MAI receptors

MAG, Nogo66 and OMgp have completely different folds and share no sequence 
homology. Remarkably, these three MAIs were found to signal via a common receptor 
known as NgR18,21,22 (Fig. 2). NgR mediates both neurite outgrowth inhibition and 
axonal growth cone collapse elicited by all three MAIs18,21,22. NgR is expressed on the 
neuronal plasma membrane and comprises an N-terminal LRR domain23,24, followed by 
a glycosylated stalk and a C-terminal GPI-anchoring sequence25. All three MAIs bind 
to the N-terminal LRR domain of NgR22,23,26–30, rather than the membrane-proximal 
glycosylated stalk31. Furthermore, NgR can self-associate, also via its LRR domain23,27,32. 

Figure 2: Overview of MAI interactions at the neuronal cell surface
Coloring is the same as in table 1; MAIs are represented in purple, the receptor NgR in red, co-
receptors in blue and carbohydrates are orange. Previously-reported interactions are represented by 
grey arrows and lipid rafts are indicated as thicker and darker patches of membrane. Two disulfides, 
in the NgR glycosylated stalk and C-terminal LRR capping domain, are represented in black25. When 
possible, structures where used to represent the proteins. For p75/TROY, structures of p75 are shown.

Table 1: Overview of molecules involved in MAI signaling

Protein name Cell-type
Intracellular 
domain? Reported interactions: Structures:

MAIs:     

MAG myelin cells yes NgR, NgR2, PirB, LRP1, GT1b, 
p75, β1-integrins, OMgp  

Nogo66 myelin cells yes NgR, PirB 2KO2

OMgp myelin cells, 
neurons no NgR, MAG  

Other ligands:   

CSPGs
secreted, 
astrocytes, 
neurons

yes/no NgR, NgR3 4CM4, 2C4S

BlyS secreted, 
neurons yes/no NgR

1KXG, 3V56, 1JH5, 
1OQD, 1OQE, 1KD7, 
4V46, 4ZCH

(Co-)Receptors:   

NgR neurons no
MAG, Nogo66, OMgp, CSPGs, 
BlyS, LGI1, LOTUS, Olfm1, p75, 
TROY, LINGO-1, AMIGO3, GT1b

1OZN, 1P8T, 3KJ4

NgR2 neurons no MAG 4P91, 4P8S

NgR3 neurons no CSPGs  

PirB neurons yes MAG, Nogo66, p75 4LLA, 2DYP
LRP1 neurons yes MAG, p75  

β1-integrins neurons yes MAG 4WK0, 4WK2, 4WK4, 
4WJK

p75 neurons yes MAG, NgR, PirB, LRP1, GT1b, 
(LINGO-1)

1SG1, 3BUK, 1NGR, 
4F42, 4F44, 2MIC, 
2MJO, 2N80, 2N83, 
2N97, 3IJ2

TROY neurons yes NgR, AMIGO3, (LINGO-1)  

LINGO-1 neurons yes NgR, GT1b, (p75, TROY) 2ID5, 4OQT

AMIGO3 neurons yes NgR, p75, TROY  
GT1b 
ganglioside neurons no MAG, NgR, p75, LINGO-1

Antagonists:   

LGI1 secreted no NgR  

LOTUS secreted, 
neurons no NgR  

Olfm1 secreted no NgR, LINGO-1  
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A dimerized soluble construct of the NgR LRR could block the inhibitory effects on 
regeneration of CNS myelin, MAG and Nogo6622,27. However, the stalk and GPI anchor 
of NgR are required for efficient signal transduction27.
Knockout of NgR in mice resulted in a rather modest increase in regeneration 
potential33,34. This led to the discovery of Paired Ig receptor B (PirB; also known as 
LILRB2 in humans) as a functional receptor for both MAG and Nogo66, mediating 
neurite outgrowth inhibition and axonal growth cone collapse35. 
Apart from NgR and PirB, several other receptors were found to be capable of mediating 
the neurite outgrowth inhibition signaling specifically by MAG. The NgR paralog NgR2 
was found to be a functional substitute for NgR as a MAG receptor, but did not bind 
Nogo6628,36. Low-density lipoprotein receptor-related protein-1 (LRP1) was also found 
to be a receptor for neurite-outgrowth inhibition by MAG37. Finally, β1-integrins were 
found to mediate MAG-dependent axonal growth cone-turning responses, whereas 
repulsion by OMgp was not affected by β1-integrin function38.
Summarizing, NgR is a receptor for all three MAIs and PirB for both MAG and 
Nogo66. NgR2, LRP1 and β1-integrins have been identified as functional regeneration-
inhibition signaling receptors only for MAG.

Co-receptors

NgR is a GPI-anchored protein and thus lacks an intracellular domain, so it cannot 
transduce the signal across the membrane by itself. Several neuronal co-receptors were 
found to be involved in the transduction of MAI signaling through the neuronal plasma 
membrane. The tumor-necrosis factor receptor superfamily member p75 (also known 
as p75-ntr; p75 neurotrophin receptor) was identified as a co-receptor for all three 
MAIs39–41 (Fig. 2). p75 is also involved in neuronal growth factor signaling and has an 
intracellular death domain (DD)42. 
LRR and Ig-like domain-containing NgR-interacting protein 1 (LINGO-1) is a co-
receptor that can mediate MAI signal transduction in a reconstituted system of non-
neuronal COS-7 cells, when co-transfected with NgR and p7543. TROY, like p75, is a 
member of the tumor-necrosis factor receptor superfamily. It is more widely expressed 
in the adult CNS than p75 and can substitute for p75 in the NgR/LINGO-1 receptor 
complex44,45. 
The widely held view4,46,47 of LINGO-1 as a co-receptor in a ternary complex with NgR 
and p75 at the plasma membrane has been disputed. Full-length (FL) LINGO-1 was 
found to predominantly reside in secretory or endosomal compartments, instead of 
at the plasma membrane. Moreover, LINGO-1 and NgR compete for p75-binding48. 
These results suggest that these proteins are involved in sequential interactions, rather 

than forming a trimeric complex. More recently, the amphoterin-induced gene and 
open reading frame 3 (AMIGO3) was identified as another possible co-receptor that 
forms complexes together with NgR and either p75 or TROY49. 
The alternative MAG and Nogo66 receptor PirB also relies on p75 as a co-receptor for 
signal transduction into the neuron50. Furthermore, for the alternative MAG receptor 
LRP1 it was demonstrated that p75 acts as a co-receptor for MAG signaling51.
Concluding, either p75 or TROY (depending on the type of neuron) and possibly 
AMIGO3 are the most important co-receptors for signal transduction of MAIs at the 
neuronal plasma membrane, whereas LINGO-1 might play a role further downstream 
in signal transduction (Fig. 2).

Intracellular downstream effectors

Whereas the MAIs are extracellular, the effectors mediating the neuronal response to these 
cues act in the neuronal cytosol. Several downstream effectors have been identified that 
are responsible for intracellular signal transduction culminating in altered cytoskeleton 
dynamics.Whereas NgR and GT1b gangliosides do not have an intracellular domain, 
PirB, p75, TROY, LINGO-1 and AMIGO3 do. In particular, the intracellular DD of 
p75 is held responsible for signal transduction of MAIs. 
Ras homolog gene family member A (RhoA) is a member of a family of small GTPases 
that function as molecular switches, being in either GTP- (active) or GDP-bound 
(inactive) states. RhoA is a downstream effector of p75 and association with its DD 
leads to an increase of GTP-bound RhoA41,52,53. RhoA functions downstream of MAIs, 
since stimulation of neurons with MAIs results in RhoA activation54.
Activation of RhoA is mediated by Rho GDP dissociation inhibitor (RhoGDI), a 
protein that directly binds both the DD of p75 and to RhoA53,55. Association of RhoGDI 
with the p75 DD reduces its affinity for RhoA via an allosteric mechanism53. RhoGDI 
prevents nucleotide exchange and membrane association of RhoA, thereby keeping 
RhoA in a silent signaling state. Binding of RhoGDI to the DD of p75 allows RhoA 
to dissociate from RhoGDI, associate with the membrane and with Rho GDP/GTP 
exchange factors (RhoGEFs). These RhoGEFs allow RhoA-bound GDP to exchange 
for GTP, thus activating RhoA53,55,56. More recently, the alternative co-receptor TROY, 
that can substitute for p75 in MAI signaling44,45, was shown to bind to RhoGDI with its 
intracellular domain and could activate RhoA, similar to p7557.
Once in the GTP-bound state, RhoA can activate Rho-associated, coiled-coil-containing 
protein kinase (ROCK)58,59. ROCK is recognized as a master regulator of cytoskeleton 
dynamics in different cell types, phosphorylating a wide variety of cytoskeletal proteins 
and regulators upon activation60 (e.g. myosin light chain, tau, neurofilaments and LIM 
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kinase 1, which phosphorylates the actin depolymerization factor cofilin60,61). ROCK 
functions downstream in the MAI signal transduction cascade, as pharmacological 
inhibition of ROCK promotes neurite outgrowth in the presence of MAIs56,62,63.
Although many other proteins have been implicated in the downstream signaling of 
MAIs, a signaling axis of direct interactions can be formed from the intracellular domains 
of p75 and TROY to RhoGDI, RhoA and ROCK, a master regulator of cytoskeleton 
dynamics capable of modulating local neuronal morphology and plasticity60.

GT1b as a MAG receptor and a role for lipid rafts in MAI signal transduction

Before its identification as a MAI, MAG was primarily known for being the principal 
cell adhesion molecule at the myelin-axon interface along the internode64. It was found 
to establish myelin-axon contacts by binding to axonal glycosphingolipids called 
gangliosides65. With its N-terminal V-type Ig domain it specifically recognizes certain 
sialylated gangliosides, most notably the major brain gangliosides GT1b and GD1a66. 
Before NgR was identified as a MAG receptor, these gangliosides were investigated 
as possible receptors for MAG’s regeneration-inhibiting properties67. Pre-incubating 
MAG with gangliosides or mutating the ganglioside binding site alleviates the neurite 
outgrowth-inhibiting effects of MAG67. Moreover, GalNAcT knockout mice that 
cannot biosynthesize complex gangliosides like GD1a and GT1b were insensitive to 
MAG-mediated neurite outgrowth inhibition68,69. 
Both gangliosides and GPI-anchored proteins are known to reside preferentially in 
lipid rafts70. Indeed, both NgR and GT1b associate with lipid rafts71–73. During MAG 
signaling lipid rafts play a double role. Apart from myelin-to-axon signaling, MAG 
also engages in axon-to-myelin signaling to regulate processes during early myelination 
involving the non-receptor tyrosine kinase Fyn74. Fyn kinase is a member of the Src 
family and is myristoylated and palmitoylated at the N-terminus. Fyn kinase activation 
is associated with lipid raft localization75. MAG was also shown to reside in lipid rafts 
in myelin cells and to bind exclusively to neuronal lipid raft fractions of membranes 
containing NgR and GT1b gangliosides76. These results suggest that both on the myelin 
membrane and on the axonal membrane, lipid rafts play a role to mediate bidirectional 
MAG signaling76. 
More evidence for GT1b ganglioside involvement in MAG-dependent regeneration 
inhibition came from studies involving p75. A sodium dodecyl sulfate (SDS)-resistant 
interaction between p75 and GT1b ganglioside was found41. Also, the downstream 
cytosolic signaling protein RhoA can be prenylated and recruited to lipid rafts77. GT1b 
was shown to partially co-localize with p75 and RhoA on cultured neurons76. In another 
study, NgR and p75 were also found to co-localize in lipid raft fractions derived from 

brain tissue, in which NgR was shown to interact with p7573. 
Both Nogo66-dependent RhoA activation and MAG- and Nogo-dependent axonal 
growth cone collapse were abolished by treatment of the neurons with the cholesterol-
sequestering agent β-methylcyclodextrin72,73. Moreover, stimulation with a dimerized 
soluble MAG construct or a Nogo peptide was shown to recruit p75 to lipid rafts72. 
Even antibodies to GD1a or GT1b gangliosides could recruit p75 to lipid rafts67,68,72, 
suggesting that p75 interacts with these gangliosides. These results suggest that 
recruitment of co-receptors such as p75 to lipid rafts may play an important role in 
MAI signaling. 

Other inhibitors of regeneration signaling via NgR

Although chondroitin sulfate proteoglycans (CSPGs) are not myelin-associated, they 
inhibit neurite outgrowth and regeneration in the CNS and were found to signal 
through NgR78. CSPGs are proteoglycans decorated with long linear chondroitin sulfate 
glycosaminoglycan chains, made up of alternating repeating units of β-glucuronic acid 
and N-acetylgalactosamine. Upon injury, secretion (e.g. by reactive astrocytes) of different 
CSPGs, such as neurocan, NG2, versican, brevican and phosphacan is increased79–87. 
The glycosaminoglycan chains of CSPGs bind to both NgR and its paralog NgR3, 
via a positively-charged segment in the membrane-proximal stalks of NgR and NgR3. 
Combined knockout of NgR and NgR3 showed improved axonal regeneration upon 
injury, which could be enhanced even further when combined with knockout of Rptpσ, 
another known receptor for CSPGs78. 
B lymphocyte stimulator (BlyS) is an additional inhibitor of regeneration that is not 
myelin-associated yet signals through NgR88. BlyS is a homotrimeric protein from the 
tumor necrosis factor family that exists as both a membrane-bound and a secreted form. 
BlyS is expressed at spinal cord injury sites, collapses axonal growth cones and inhibits 
neurite outgrowth. Regeneration inhibition by BlyS was shown to be mediated by NgR, 
similar to the MAIs88.
Summarizing, CSPGs and BlyS are non-myelin-associated inhibitors of regeneration 
that signal through NgR. Whether their signal transduction through the membrane 
relies on p75/TROY or LINGO-1/AMIGO3 as for MAIs remains to be determined.
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Structures of MAIs and their (co-)receptors provide insights into signaling me-
chanisms

Although many insights into MAI signaling were gained by neurobiology and molecular 
biology studies, the exact mechanisms of signal transduction are still not completely 
understood. Structural data are available for different MAIs and their (co-)receptors, 
providing additional clues for determining the signaling mechanisms. 
Nogo66 was studied by NMR without the flanking transmembrane helices. Only in a salt-free 
solution of pure water and upon addition of the detergent dodecylphosphocholine (DPC), 
the 66-residue construct adopts a defined α-helical structure89. This could be explained by 
the fact that Nogo66 is normally partly embedded in the membrane. Indeed, the structure 
revealed a large fraction of surface-exposed hydrophobic sidechains89. It was described later 
that DPC also specifically stabilizes Nogo66, as the choline head forms a stabilizing salt-
bridge with a buried glutamate sidechain90. In its native environment, phosphocholine heads 
that are part of phosphatidylcholine phospholipids likely stabilize the Nogo66 fold90.
The structure of the LRR domain of NgR, which is responsible for MAI binding as well as 
for self-association, was solved by X-ray crystallography by two groups independently (Fig. 
3)23,24. However, a later study revealed that both groups used a domain truncation that results 
in an artificial disulfide pattern in the C-terminal capping domain25. Extensive site-directed 
mutagenesis studies, as well as evolutionary conservation of surface residues suggest that it is 
the concave rather than the convex surface of the NgR LRR that is responsible for binding 
to MAG, Nogo66, OMgp and LINGO-120,23,24. The structure of the LRR domain of NgR2 
was also solved, showing a similar LRR fold as NgR, but with different surface residues, 
which may explain the different ligand specificities of these paralogs91.
The structure of the four consecutive N-terminal cysteine-rich domains of p75 was 
determined in complex with different neurotrophin ligands92,93. Also, the structure of the 
intracellular DD of p75 was solved94, and shown to have a propensity to dimerize95. It 
was shown that p75 forms disulfide-linked dimers via a cysteine in the transmembrane 
region96–98. The intracellular dimeric DDs of p75 are separated if the extracellular cysteine-
rich domains of p75 are dimerized by dimeric neurotrophins, possibly by a scissoring 
mechanism53,96,97. NgR preferentially binds to dimeric p75 in the conformation with 
associating intracellular DDs98, as opposed to the neurotrophin-bound conformation. 
Interestingly, TROY also has a cysteine in its transmembrane helix at a similar depth in the 
membrane, suggesting it might undergo similar mechanisms. However, MAG could still 
signal into non-neuronal COS-7 cells expressing NgR, LINGO-1 and p75 lacking this 
cysteine, although RhoA activation was not as pronounced as with wildtype (WT) p7596. 
Crystal structures were also solved for the LRR and Ig-like domains of LINGO-1, which 
constitute most of the extracellular region99. LINGO-1 crystallized as a tetramer with 
its C-termini oriented in the same direction. This tetramer was confirmed in solution, 

suggesting it could also form on a cell surface99. Although the structure of the extracellular 
domain of AMIGO3 was never solved, crystal structures of the LRR and Ig domains of 
its paralog AMIGO1 (39% sequence identity) were solved100. AMIGO1 crystallized as a 
dimer that was confirmed in solution by small-angle X-ray scattering (SAXS). SAXS was 
also used to show that AMIGO3 forms dimers with a similar arrangement100. 
Crystal structures of the non-myelin-associated inhibitor of regeneration BlyS show that 
it forms homotrimers101,102. In its membrane-detached form, these trimers can further 
assemble into icosahedral 60-mers103,104, suggesting a potential to cluster cell surface 
receptors like NgR.
These structures have informed on the organization of the folded domains of several MAI 
signaling components (Fig. 2 and 3). In addition, many crystal structures are available 
for integrins, including β1-type integrins105 and several truncation constructs of double 
Ig domains of the human PirB ortholog LILRB2 have been solved106,107. However, a 
detailed discussion of the integrin and PirB receptor structures goes beyond the scope 
of this thesis. Instead of those receptors, I will focus on signaling via the NgR receptor 
complex in this thesis.

Figure 3: Previously-published structures of NgR
The two previously-published NgR structures are aligned and overlaid, 1OZN24 in black and 1P8T23 in 
white. Disulfides and glycans are represented as sticks, the artificial C266-C309 disulfide as thicker 
ball-and-sticks.
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Physiological function of MAI signaling

Considering their negative effects on regeneration upon injury, one could wonder why 
vertebrates have evolved this signaling pathway. In other words, what could be the 
physiological function of MAI signaling? 
Early brain development is characterized by critical periods in which certain neuronal 
circuitry is plastid and has the ability to rewire108. One classic example is the period in 
which ocular dominance is still plastic108,109. NgR knockout mice have severely extended 
periods in which ocular dominance could be altered, suggesting that signaling via 
NgR negatively regulates plasticity to consolidate neuronal circuitry involved in ocular 
dominance110,111. Interestingly, knockout of the alternative MAI receptor PirB leads to a 
similar increase of the period of ocular dominance plasticity112.
Apart from axonal growth cone collapse and neurite outgrowth inhibition, signaling 
through NgR regulates synapse formation and determines synaptic strength, processes 
that are connected with memory and learning. Knockout studies of NgR show it controls 
dendritic spine morphology and negatively regulates activity-dependent synaptic 
plasticity113,114. Further studies have revealed that genetic ablation of NgR does not affect 
synaptic anatomy in adolescent mice, when it is still very plastic. However, in adult 
mice adolescent-like anatomical plasticity could be restored by conditional knockout 
of NgR115. Knockout of NgR also resulted in enhanced generation of dendritic spines 
upon sensory stimulation in adult mice compared to WT116.
Overexpression of NgR in mice forebrain neurons leads to impaired long-term (months) 
memory, whereas short-term memory was unaffected117. A role in memory was further 
strengthened by NgR knockout studies that compared the erasure of fear memories in 
adult and juvenile mice. A role for NgR in preventing erasure of these fear memories 
was found in adult mice, whereas juveniles could successfully erase fear memories upon 
extinction training in both WT and knockout mice115. 
As signaling through NgR reduces neuronal plasticity by collapsing axonal growth 
cones, inhibiting neurite outgrowth and sprouting, but also inhibiting dendritic spine 
generation and synaptic plasticity, the general consensus is that NgR signaling complexes 
function as receptors for external cues that reduce plasticity to consolidate neuronal 
circuitry in the adult nervous system118,119.

Antagonists of MAI signaling

Since MAI signaling is thought to negatively regulate neuronal plasticity, the existence 
of positive regulators to balance out this signaling is expected. Three proteins have 
been identified that antagonize the regeneration inhibition by the MAIs by specifically 

interfering with their signaling.
Olfactomedin-1 (Olfm1), also known as Noelin or Pancortin, binds to NgR and suppresses 
MAI-dependent axonal growth cone collapse120. Olfm1 is a secreted glycoprotein 
expressed in the nervous system121,122. Different Olfm1 isoforms play varying roles 
in nervous system development121,122. Olfm1 is a member of the Olfactomedin (Olf ) 
superfamily that share an Olfactomedin domain123,124. For Olfm1, this domain is close 
to its C-terminus and it is preceded by a coiled-coil domain and an N-terminal domain 
that is found in several Olf family members123,124. Olfm1 was found to covalently self-
associate via its cysteines, but the exact oligomeric state has not been reported125,126. 
Olfm1 does not compete directly with MAIs for NgR-binding, but rather competes 
with binding of the co-receptors p75 and LINGO-1 to NgR. Interestingly, Olfm1 also 
binds LINGO-1, but not p75120.
Leucine-rich glioma inactivated 1 (LGI1) is a secreted protein that does not influence 
neurite outgrowth by itself, but enhances neurite outgrowth on an inhibitory myelin 
support. It binds to NgR and competes with Nogo66 binding to NgR, thereby preventing 
Nogo66-dependent neurite outgrowth inhibition127. Similar to Olfm1, LGI1 has been 
shown to be involved in brain development128.
Lateral olfactory tract usher substance (LOTUS), also known as cartilage acidic protein-
1B, was identified as an NgR ligand important for neural circuit formation in the lateral 
olfactory tract. It is also secreted and like LGI1, LOTUS competes with Nogo66 for 
NgR binding. It prevents Nogo66-dependent axonal growth cone collapse129. LOTUS 
also competes with MAG and OMgp for NgR binding and suppresses axonal growth 
cone collapse by these two NgR ligands130.
Summarizing, the secreted NgR ligands Olfm1, LGI1 and LOTUS antagonize MAI 
signaling either by direct competition (LGI1 and LOTUS) or by blocking co-receptor 
recruitment (Olfm1). These proteins have been implicated in neuronal development, 
possibly due to their MAI-antagonizing signaling through NgR.

Scope of this thesis

In spite of a wealth of available neurobiological, biochemical and structural data 
regarding MAI signaling, important questions remain. Especially the mechanisms at 
the extracellular side, that orchestrate signal transduction through the membrane, are 
unresolved. Many studies have shown conflicting results with regards to the involvement 
of specific (classes of ) molecules in regeneration inhibition, which has been linked to 
cell-type-specific mechanisms131. It is not clear how the structurally distinct MAIs can 
signal via the same receptor complex (Fig. 2). The notion of a ternary receptor complex 
of NgR, p75 and LINGO-1 has been disputed48, suggesting that the mechanism might 
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be more complicated than simple co-receptor recruitment. Recent work on p75 and its 
downstream effectors RhoGDI and RhoA indicates that conformational changes might 
be transduced through the membrane53,96–98. The fact that the (co-)receptors NgR, p75, 
LINGO-1 and AMIGO3 all oligomerize23,27,32,96,97,99,100, suggests receptor clustering 
could play a role in MAI signaling. Receptor clustering could also enhance lipid raft 
formation and vice versa70 and lipid raft formation was shown to be required for MAG- 
and Nogo-dependent axonal growth cone collapse72. 
This thesis addresses the molecular mechanisms of myelin-associated inhibition of 
regeneration in the CNS, focusing on the initial extracellular signaling events and the 
central NgR receptor protein. A structural biology approach was used to characterize the 
myelin-associated inhibitor of regeneration MAG, its receptors NgR and GT1b and an 
antagonist of MAG signaling through NgR; Olfm1.
In Chapter 2, the structure of the extracellular domain of MAG is described. Structures 
of MAG-oligosaccharide complexes and in vitro binding studies reveal how MAG 
recognizes gangliosides such as GT1b. Neurite outgrowth inhibition assays provide new 
insights into the mechanisms of MAG-dependent regeneration inhibition. Implications 
for MAG-dependent adhesion at the myelin-axon interface as well as axon-to-myelin 
signaling (during myelination) will be discussed. Chapter 3 describes new crystal 
structures of NgR, for the first time with its native disulfide structure. Chapter 4 focuses 
on Olfm1, which was found to form disulfide-linked tetramers. The architecture of 
the tetrameric assembly and a crystal structure of a dimeric C-terminal segment are 
described. Chapter 6 discusses the implications of these results for the molecular 
mechanisms of MAI signaling.
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Introduction

Myelination of axons enables enhanced conductance velocity in both the central and 
peripheral nervous system (CNS and PNS) of vertebrates. It also provides electrical 
insulation and a decrease of the capacitance, as well as physical protection and metabolic 
support of long axons1. Myelin-associated glycoprotein (MAG) adhesion and signaling 
at the myelin-axon interface regulates the formation and maintenance of myelinated 
axons, thus playing an important role in the development and function of the nervous 
system2,3. Aberrant MAG function, for example from mutations that likely cause 
misfolding, or anti-MAG autoimmunity, has been associated with demyelination 
and neurodegenerative disorders, such as corticospinal motor neuron disease also 
known as hereditary spastic paraplegias4, Pelizaeus-Merzbacher disease-like disorder5, 
demyelinating anti-MAG peripheral neuropathy6,7 and multiple sclerosis2,8.
MAG is a type 1 single-pass transmembrane protein expressed on myelinating 
oligodendrocytes in the CNS and Schwann cells in the PNS2,3. MAG is the fifth 
highest expressed protein in myelin of the CNS9. It is highly enriched at the innermost 
(adaxonal) myelin membrane along the internode, where it contacts the axon. MAG 
is also found on other myelin structures, such as the mesaxon, Schmidt-Lanterman 
incisures and paranodal loops2,3. MAG adhesion maintains the myelin-axon spacing 
(periaxonal diameter) by interacting with specific neuronal gangliosides (glycolipids), 
such as the major brain gangliosides GT1b and GD1a10–13. More recently, the Nectin-
like (Necl) proteins 1 and 4 have also been found to contribute to myelin-axon adhesion 
along the internode14,15, although they are expressed less than MAG in mature myelin9 

and knockout of Necl4 does not affect myelination16.
MAG, also known as Siglec4a, is evolutionarily the oldest member of the Siglec family17. 
Unlike all other Siglecs, MAG plays no role in the immune system and is exclusively 
expressed in the nervous system17. Based on the primary sequence its extracellular region 
is predicted to consist of five Ig-domains; an N-terminal V-type Ig domain that is typical 
for Siglecs and four C2-type Ig domains. This is followed by a single membrane-spanning 
helix and an intracellular region predicted to be unstructured and of different length for 
two MAG isoforms, L-MAG and S-MAG. Like other Siglecs, MAG recognizes sialic 
acid groups and the specificity of MAG has been established to be Neu5Ac-α2,3-Gal-
β1,3-GalNAc18. This trisaccharide is part of several neuronal gangliosides, most notably 
the major brain gangliosides GT1b and GD1a, but also GM1b, GT1β and GQ1bα. 
MAG bridges the periaxonal space by interacting with these axonal gangliosides in trans 
via the canonical Siglec site at a conserved arginine (R118 in MAG) in the N-terminal 
domain19,20.
MAG signaling is bidirectional, engaging in both axon-to-myelin as well as myelin-
to-axon signaling. MAG has been extensively studied as one of three classic myelin-

Abstract

Myelin-associated glycoprotein (MAG) is a myelin-expressed cell-adhesion and 
bi-directional signaling molecule. MAG maintains the myelin-axon spacing 
by interacting with specific neuronal glycolipids (gangliosides), inhibits axon 
regeneration and controls myelin formation. The mechanisms underlying MAG 
adhesion and signaling are unresolved. We present crystal structures of the MAG 
full ectodomain, which reveal an extended conformation of five Ig domains and a 
homodimeric arrangement involving membrane-proximal domains Ig4 and Ig5. 
MAG-oligosaccharide complex structures and biophysical assays show how MAG 
engages axonal gangliosides at domain Ig1. Two post-translational modifications 
were identified – N-linked glycosylation at the dimerization interface and tryptophan 
C-mannosylation proximal to the ganglioside binding site – that appear to have 
regulatory functions. Structure-guided mutations and neurite outgrowth assays 
demonstrate MAG dimerization and carbohydrate recognition are essential for its 
regeneration-inhibiting properties. The combination of trans ganglioside binding 
and cis homodimerization explains how MAG maintains the myelin-axon spacing 
and provides a mechanism for MAG-mediated bi-directional signaling. 
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associated inhibitors of central nervous system regeneration, the other ligands being 
Nogo66 and Oligodendrocyte Myelin glycoprotein (OMgp)2,3. MAG inhibits neurite 
outgrowth and collapses axonal growth cones in a sialic acid binding-dependent manner. 
It does so as full-length transmembrane20,21, but also as a proteolytically shed and soluble 
form called dMAG22. As a receptor, MAG controls myelin formation and integrity. How 
MAG transduces the extracellular signal into the myelinating cell is not well understood, 
but it has been shown that the cytosolic domain of the L-MAG isoform binds to the 
cytoplasmic non-receptor tyrosine kinase Fyn23 and that antibody-induced crosslinking 
of L-MAG triggers its localization to lipid rafts24 and activates Fyn in oligodendrocytes23. 
This activation of Fyn is essential for the initiation of myelination25. In contrast, the 
shorter MAG isoform S-MAG binds to zinc and microtubules and this is postulated to 
have a structural function in mature myelin26,27.
From earlier rotary-shadowed electron microscopy (EM) and sedimentation velocity 
Analytical Ultracentrifugation (AUC) studies it was hypothesized that the extracellular 
segment of MAG has a back-folded Ig-horseshoe type structure, but the estimated 
maximum dimensions of 8.8 and 18.5 nm determined by AUC and EM, respectively, 
deviate substantially28,29. In the absence of any high-resolution structural data on MAG 
or its interaction with ganglioside ligands, the conformation of the five Ig domains, the 
extracellular specificity-determining parameters and the mechanisms underlying MAG 
adhesion and bidirectional signaling are unresolved. Using a combination of structural, 
biophysical and cellular techniques, we provide the structural basis of MAG-mediated 
adhesion and identify a dimerization-dependent mechanism that explains how MAG 
regulates axon-to-myelin and myelin-to-axon signaling, and controls myelin-axon 
spacing. 

Results

MAG has an extended conformation
We determined crystal structures of the full extracellular segment of mouse MAG 
(MAG1-5) in two different crystal forms that diffracted to a maximum resolution of 
3.8 and 4.3 Å. These crystals were obtained by enzymatic deglycosylation of MAG1-5 
or reductive lysine methylation of glycosylated MAG1-5 (see Materials and Methods). 
In addition, crystals of a shorter construct, consisting of the three N-terminal domains 
(MAG1-3), diffracted to a maximum resolution of 2.1 Å. The structures were solved 
by molecular replacement with individual Ig domains from homologous proteins. The 
exceptionally high solvent content of the two MAG1-5 crystal forms (91 and 85 %, 
Supplementary Fig. 1) aided in obtaining phases of sufficient quality for initial model 
building (see also table 1 and Materials and Methods for details). 

Table 1. Data collection and refinement statistics 
MAG1-3  

unliganded
MAG1-3  

ligand bound
MAG1-5 

deglycosylated
MAG1-5  

lysine-methylated
Data collection
Space group P1 P1 P322 P6522
Cell dimensions
    a, b, c (Å) 43.06, 60.4, 79.22 43.61, 60.12, 79.47 278.9, 278.9, 

62.52
101.2, 101.2, 

687.5
    α, β, γ (°) 72.70, 86,71, 83.01 71.86, 86.51, 82.95 90, 90, 120 90, 90, 120
Resolution (Å) 42.73-2.12 (2.19-

2.12)
56.79-2.30 (2.38-

2.30)
69.72-3.80 (4.03-

3.80)
114.62-4.30 
(4.81-4.30)

No. of reflections 42,931 42,931 35,257 15,430
Rmerge 0.064 (1.118) 0.157 (0.981) 0.234 (1.683) 0.115 (3.937)
Mean I/σI 8.8 (0.9) 5.9 (1.6) 9.2 (1.6) 15.6 (1.3)
CC1/2 0.998 (0.558) 0.985 (0.565) 0.997 (0.565) 0.998 (0.242)
Completeness (%) 96.2 (95.7) 97.5 (95.7) 100.0 (100.0) 100.0 (100.0)
Redundancy 3.6 (3.5) 4.5 (4.3) 9.6 (9.7) 35.7 (36.9)

Refinement
Resolution (Å) 2.1 2.3 3.8 4.3
Rwork / Rfree 0.224 / 0.262 0.224 / 0.254 0.203 / 0.230 0.266 / 0.282
No. atoms 5162 5095 3887 3942
Average B-factors (Å2)
    Protein 71.1 70.9 144.2 414.5
    Ligand/ion 106.8 102.5 129.4 N/A
    Water 60.8 59.7 N/A N/A
R.M.S. deviations
    Bond lengths (Å) 0.003 0.002 0.006 0.008
    Bond angles (°) 0.700 0.583 1.218 1.384
Molprobity score 1.69 1.49 2.38 2.36

*Each dataset was collected from a single crystal.

In all three crystal forms MAG has an extended collinear conformation (Fig. 1). Only 
consecutive Ig domains interact with each other via hydrophobic interfaces (buried-
surface area ranging from 243 to 690 Å2) and short inter-domain linkers of up to two 
residues (Fig. 1a). Domains Ig1 and Ig2 form the largest interface in which the Ig2 loops 
at the N-terminal “head” side interact with the A2-B (Ig domain β–strand numbering) 
side of Ig1 (Fig. 1a). The three other inter-domain interfaces are exclusively formed in a 
head-to-tail fashion involving loops at the N-terminal “head” and C-terminal “tail” side 
of the Ig domains (Fig. 1a). As predicted from the primary sequence the N-terminal Ig1 
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domain of MAG has a V-type Ig fold like other Siglec family members30–32 and domains 
Ig3 and Ig4 are of the C2 type. Domains Ig2 and Ig5, however, have a C1-type Ig fold, 
contrary to the predicted C2-fold (Supplementary Fig. 2). The three crystal structures of 
MAG are similar to each other with only small differences within the domains (RMSD 
ranging from 0.93 to 2.13 Å) and inter-domain angle rotation differences ranging 
from 3.4 to 17.4 °, the largest difference is in the domain Ig2-Ig3 angle (Fig. 1b). The 
combination of hydrophobic inter-domain interfaces, the lack of flexible linker residues 
and a previously predicted inter-domain disulfide between Ig1 and Ig2 (C37 to C165)33 
explains the limited inter-domain flexibility observed between the three different crystal 
forms.

MAG is post-translationally modified 
The structures reveal MAG is post-translationally modified at several sites. MAG 
contains seven disulfides, five of which are canonical for Ig domains. Cysteines 37 and 
165 form an inter-domain disulfide between Ig1 and Ig2 and cysteines 421 and 430 
form an additional intra-domain disulfide in Ig5, as shown previously33 (Supplementary 
Fig. 3). In addition, MAG carries N-linked glycans and previously eight N-linked 
glycosylation sites were determined in human MAG by mass spectrometry analysis34. 
We observe glycan electron density for five of those equivalent sites in the mouse MAG 
structures (on asparagine 99, 223, 246, 315 and 406, Supplementary Fig. 4). The 
differences in these observations arise from one N-linked glycosylation site that is not 
conserved (N106 in human MAG is a threonine in mouse) and from poorly resolved 
electron density for the other two sites (on N450 and N454) that are situated in a 
flexible loop. One additional N-linked glycan is revealed by clear electron density on 
N332, in contrast to the previous study that did not find this residue in a glycopeptide 
analysis34. Electron density at the N332-linked glycan suggests it is fucosylated in our 
recombinantly-produced MAG (Supplementary Fig. 5). In native mass spectrometry 
experiments of intact recombinant MAG, we also observed internal mass shifts of +147 
Da on MAG monomers (Supplementary Fig. 6), further indicating fucosylation as a 
post-translational modification. Thus the combination of our data and that of others34 

indicates that mouse MAG has eight N-linked glycosylation sites (on N99, N223, 
N246, N315, N323, N406, N450 and N454). 
Additionally, MAG carries a tryptophan C-mannosylation on W22. In all three 
crystal forms, electron density proximal to the sidechain of W22 suggests this residue 
is C-mannosylated (Supplementary Fig. 6). Indeed, analysis of the MAG primary 
sequence reveals that this tryptophan is part of the canonical WxxW motif (W22 is the 
first tryptophan) for C-mannosylation, a rare post-translational modification present 
on several secreted proteins35. The W22-attached α-D-mannopyranosyl group has an 
unusual ring-flipped 1C4 chair conformation in the structures (regular mannose is 4C1, 
Supplementary Fig. 6). This ring-flipped conformation is in agreement with previous 
NMR studies on mannosyl-tryptophan36 and can be explained by the preference of 
the bulky tryptophan, covalently attached to the C1 of the mannose, to be in the 
equatorial position. We confirmed the C-mannosylation of W22 by in-gel trypsin 
digestion of MAG1-5 followed by LC-MS/MS analysis of the (glyco)peptide fragments 
(Supplementary Fig. 7). In addition, native mass spectrometry of wild-type and mutated 
MAG1-5, in which the second tryptophan of the C-mannosylation motif is substituted for 
glutamine (W25Q, resulting in WxxQ), showed a mass shift of -221 Da in accordance 
with a loss of C-mannosylation and confirming the importance of the WxxW motif 
(Supplementary Fig. 6). 

Figure 1. Crystal structures of MAG reveal an extended conformation with limited inter-
domain flexibility.
(a) Crystal structure of deglycosylated MAG1-5 colored by domain, glycosylation sites indicated in stick 
representation and N- and C-termini indicated with N and C (left panel). Close-up views of the inter-
domain interfaces with sidechains of interacting residues and the inter-domain disulfide between Ig1 
and Ig2 shown in stick representation (right panel). (b) Superposition, based on domain Ig1, of the 
three crystal structures of MAG; deglycosylated MAG1-5 (blue), lysine-methylated MAG1-5 (orange) and 
MAG1-3 (purple), space groups indicated in brackets.
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MAG1-5 crystal structures reveal a dimeric arrangement
MAG1-5 forms a symmetry-related dimer at a crystallographic twofold rotation axis in both 
MAG1-5 crystal forms. They share the same interface (Fig. 2a) on domains Ig4 and Ig5, 
which buries a surface area of 2037 Å2. The CC′FG face of Ig4 binds to the ABDE face of 
Ig5 of the symmetry-related molecule and vice versa, thus forming two equivalent hemi-
interfaces. The interface is mostly hydrophobic apart from the negatively-charged E395 in 
Ig4, with hydrophilic residues lining the edges of the interface (Fig. 2b).
To validate the interface we generated two interface mutations based on the structures, 
that we predicted to either disrupt dimerization (I473 to E) or enhance it (N406 to Q). 
The hydrophobic I473 in the middle of the hydrophobic interface of Ig5 was mutated to 
a negatively-charged glutamate, to ensure disturbance of the hydrophobic effect as well 
as introducing electrostatic repulsion with the opposing E395 in Ig4 (Fig. 2c). N406 
carries an N-linked glycan and in the glycosylated lysine-methylated crystals of MAG1-5, 
the density for this glycan suggests that it sterically clashes with its symmetry partner in 
the dimer (Fig. 2d). We hypothesized that a dimer with increased affinity would form, 
were this glycan absent. Remarkably, the N406Q mutant that lacks this glycan was the 
only MAG construct that showed a distinct dimer peak in size exclusion chromatography 
(Supplementary Fig. 8). The other glycans are not expected to interfere with dimerization, 
also not when considering myelin-specific N-linked glycans37. We confirmed that MAG 
dimerizes in solution via the Ig4-Ig5 interface by analyzing glycosylated and deglycosylated 
forms of MAG1-5, MAG1-3 (that lacks the dimerization domains) and the aforementioned 
mutants in Small Angle X-ray Scattering (SAXS) and AUC experiments.

Figure 2. MAG forms dimers via domains Ig4 and Ig5.
(a) Superposition of the crystallographic dimers observed in the crystals of MAG1-5 deglycosylated (blue) 
and MAG1-5 lysine-methylated (orange). The twofold axis is indicated by a black line with an ellipse 
on top, N- and C-termini indicated with N and C for one monomer. (b) The dimer is formed by two 
equivalent symmetry-related hemi-interfaces, which are mostly hydrophobic (yellow) with hydrophilic 
(grey), positively charged (blue) and negatively charged (red) residues lining the edges. (c) Zoom of the 
interface in deglycosylated MAG1-5, indicating isoleucine 473, which was mutated to glutamate to disturb 
the interface. (d) 2Fo−Fc electron density at a contour level of 1.0 σ of the N-linked glycan on N406 in 
the lysine methylated MAG1-5 crystal structure, showing the steric hindrance with its symmetry mate. 
Glycosylation at this site was prevented by mutating N406 to glutamine to obtain a MAG variant with 
enhanced dimerization properties. (e) SAXS Log I versus Q plots for glycosylated MAG variants: MAG1-5 
wt (blue), MAG1-5 I473E (red), MAG1-5 N406Q (green) and MAG1-3 (purple), same coloring used in panels 
e to j. (f) Paired distance distribution functions of the same MAG variants as in panel e. (g) DAMMIF ab-
initio modeling for deglycosylated MAG1-5 I473E (red) and MAG1-5 N406Q (green), showing remarkable 
similarity to the crystal structures of monomeric MAG (left, grey) and the crystallographic dimer (right, 
grey), respectively (see Supplementary Fig. 13 for fits). (h) Guinier plots of the glycosylated MAG variants 
show the same size-related trends as the paired distance distribution function in panel f. (i) Kratky plots 
for the different glycosylated MAG variants confirm that MAG behaves as a semi-rigid rod in solution 
and not as flexible beads-on-a-string. (j) OLIGOMER fit of the MAG monomer and crystallographic dimer 
to the glycosylated MAG1-5 wt data, using the glycosylated and lysine-methylated crystal structures. 
OLIGOMER gives a 0.72 : 0.28 (monomer : dimer) ratio at a MAG concentration of 52 μM.
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The MAG1-5 dimer is weak in solution with a Kd of 3.8×102 µM
To quantify the affinity of MAG dimerization in solution, we performed sedimentation 
equilibrium Analytical Ultra Centrifugation (SE-AUC) experiments for wt MAG1-5, 
deglycosylated wt MAG1-5, MAG1-3, MAG1-5 I473E and MAG1-5 N406Q constructs. 
For each sample a global analysis was performed for different concentrations, centrifugal 
speeds and wavelengths together (Supplementary Fig. 13-16), except for MAG1-5 
N406, which appeared to suffer from aggregation during the experiment. Similar to 
the SAXS analysis, the MAG1-5 I473E and MAG1-3 SE-AUC data fit best to a single 
species that agrees with the molecular mass of a monomer (table 3). For wt MAG1-5 and 
deglycosylated MAG1-5, we could fit the data to a monomer-dimer equilibrium, with 
Kd’s of 3.8×102 and 1.7×102 μM, respectively (table 3). Based on a monomer-dimer 
equilibrium with these Kd’s, dimer fractions of 18 % for glycosylated wt MAG1-5 and 24 
% for deglycosylated wt MAG1-5 are expected to be present in the SAXS experiments 
(calculated at 52.2 and 37.5 µM for glycosylated and deglycosylated MAG, respectively). 
Indeed, the presence of a mix of momomers and dimers is observed in the SAXS data 
of both glycosylated and deglycosylated MAG1-5 (Fig. 2J, Supplementary Fig. 11). The 
lack of dimers in the AUC experiments for MAG1-5 I473E and MAG1-3 and the higher 
affinity for deglycosylated MAG1-5 compared to glycosylated MAG1-5 further confirm 
that MAG forms dimers via domains Ig4 and Ig5 (table 3). 

Structural basis of ligand recognition by Ig1
MAG binds to sialic acids of gangliosides with its N-terminal V-type Ig domain and has 
a preference for a Neu5Ac-α2,3-Gal-β1,3-GalNAc moiety18. We observed unmodeled 
electron density in the 2Fo−Fc and Fo−Fc maps of the deglycosylated MAG1-5 structure 
close to R118 in the putative ligand binding site20 (Fig. 3a). Native mass spectrometry 
of purified MAG1-5 revealed a mixture of free and two ligand-bound MAG1-5 forms 
with mass differences of 835±2 and 854±2 Da compared to free MAG1-5 (Fig. 3b). The 
835 Da ligand possibly corresponds to a tetrasaccharide comprising the aforementioned 
Neu5Ac-α2,3-Gal-β1,3-GalNAc trisaccharide plus another hexose. The 854 Da ligand 
might correspond to a similar tetrasaccharide where Neu5Ac is replaced by Neu5Gc, 
a mammalian sialic acid variant not produced by humans. These ligands are likely 
copurified in complex with MAG from the expression medium that contains beef 
digest (Primatone). We do not observe clear electron density for any ligands in the two 
other crystal forms (lysine-methylated MAG1-5 and MAG1-3). In these crystal forms, the 
unliganded MAG is apparently preferentially crystallized over the ligand-bound forms. 
The resolution of the MAG1-5–ligand complex (to 3.8 Å) is not sufficient to determine 
the detailed structure of the bound oligosaccharide. However, the unmodeled electron 
density is compatible with either of the suggested compounds.

Small Angle X-ray Scattering confirms dimerization interface
As predicted, SAXS analysis indicated disruption of dimerization for MAG1-3 and MAG1-5 
I473E, whereas dimerization is enhanced for MAG1-5 N406Q and deglycosylated MAG1-5 
compared to wt MAG1-5. The molecular mass (Mm) based on the extrapolated intensity 
at zero scattering angle (I0, scaled for concentration to BSA), the radius of gyration (Rg), 
the maximum interatomic distance (Dmax) and the Porod volume all show these trends 
(Fig. 2, Supplementary Fig. 9 and table 2). The data show that at similar concentrations, 
MAG1-5 I473E appears smaller than wt MAG1-5 and MAG1-5 N406Q appears larger than 
wt MAG1-5. This can be attributed to a shift in the monomer-dimer equilibrium; MAG1-5 
I473E has a lesser and MAG1-5 N406Q a greater propensity to dimerize compared to wt 
MAG1-5. 
Furthermore, the MAG1-5 I473E pair distance distribution function P(r) and derived 
Dmax, the ab initio models as well as the Kratky plots confirm that MAG has an extended 
conformation and behaves as a semi-rigid rod in solution (Fig. 2f, 2g and 2i). Whereas the 
SAXS data for glycosylated MAG1-3 and MAG1-5 I473E fit best to scattering curves calculated 
from single chains of the crystal structures of MAG1-3 and MAG1-5, respectively (χ= 2.87 
and 2.95, Supplementary Fig. 10), the glycosylated MAG1-5 N406Q SAXS data fits best 
to scattering curves calculated from the dimer structure (χ= 3.45, Supplementary Fig. 
10). Both glycosylated and deglycosylated MAG1-5 wt SAXS data fit best to scattering 
curves calculated from a combination of monomeric and dimeric crystal structures (χ= 
4.05 for glycosylated and 3.72 for deglycosylated MAG1-5, Fig. 2j and Supplementary 
Fig. 11). Furthermore, ab-initio models based on the SAXS data of deglycosylated 
MAG1-5 I473E and MAG1-5 N406Q agree remarkably well with the crystal structures 
of the monomer and dimer of MAG1-5, respectively (Fig. 2g, Supplementary Fig. 12, 
χ2 of the model-to-data fit are 1.05 and 1.33 for MAG1-5 I473E and MAG1-5 N406Q, 
respectively). These data confirm MAG dimerizes via domains Ig4 and Ig5 and that the 
MAG1-5 chains have an extended and relatively rigid conformation.

Table 2. SAXS data collection and parameters

Sample Model: Mm 
floated/fixed

Mm  
(kDa) log10(Ka)

Kd
(µM) χ2

MAG1-5 wt glycosylated Monomer-dimer 
equilibrium floated 62.6 3.42 382 1.17

MAG1-5 I473E glycosylated Single species floated 62.3 - - 1.18

MAG1-3 glycosylated Single species floated 40.8 - - 1.31

MAG1-5 wt deglycosylated Monomer-dimer 
equilibrium fixed 56.9 3.78 167 0.94
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chain remained unliganded due to occlusion of the binding site by crystal packing.
The ganglioside binding side is formed by the CC’ loop and the F and G β-strands of 
the N-terminal V-type Ig1 domain. In agreement with previous data20, the side chain 
of R118 in strand F forms a key salt bridge with the carboxylic acid group of the sialic 
acid in the trisaccharide ligand. Y65 in the CC’ loop forms extensive van der Waals’ 
contacts with the ligand as well as a hydrogen bond to the O9 of the Neu5Ac sialic acid. 
Other contributing interactions are made by: 1) the backbone carbonyls of N126 and 
T128 in strand G that form hydrogen bonds with H-N5 and the H-O9 of the sialic acid 
respectively, 2) the backbone amide proton of T128 that forms a hydrogen bond with 
the O8 of the sialic acid and 3) the sidechain of Y127 that forms van der Waals’ contacts 
with the glycerol group (C7-C9) of the sialic acid (Fig. 3d).
We validated the ganglioside binding properties of MAG by mutating ligand-binding 
residues to alanine in MAG1-5 and probed their interaction with GT1b ganglioside 
incorporated into liposomes. The setup we used, MAG1-5 coupled at the C-terminus 
to a streptavidin-coated surface plasmon resonance (SPR) chip and GT1b-containing 
liposomes in the mobile phase, enables avidity-enhanced interactions that also occur 
in trans between cells (Fig. 3f, see also Methods). Indeed we observed specific binding 
of GT1b liposomes to wt MAG1-5, no interactions with the ligand-binding mutants 
MAG1-5 R118A, T128A and Y127A and reduced interaction with MAG1-5 Y65A (Fig. 
3f ). In addition, the MAG1-5 W25Q mutant that lacks the tryptophan mannosylation 
on W22, still interacted with GT1b liposomes in this assay. Remarkably, this W25Q 
mutant appeared to have a higher affinity for the GT1b liposomes compared to wt MAG. 
This suggests that rather than contributing to the interaction strength, this tryptophan 
mannosylation on W22 may play a regulatory role in binding (membrane-embedded) 
gangliosides. In summary, we have shown that MAG interacts with membrane-bound 
gangliosides via the side chain of R118, the CC’-loop and the F and G β-strands of 
the N-terminal V-type Ig1 domain and that the W22 mannosylation does not enhance 
ganglioside binding.
Ligand interaction of MAG is similar to the sialic acid recognition of other Siglec 
family members (Fig. 3g)30,32. As in Siglec532, the MAG Ig1 CC’-loop (residues 64-70) 
seems to undergo conformational selection upon ligand binding. This loop adopts a 
single conformation when a ligand is bound, whereas it can have several conformations 
(including the ligand-bound conformation) or is unstructured in the different unliganded 
MAG crystal forms (Fig. 3e). Furthermore, this loop adopts different conformations 
in the Siglec-1, -5 and-7 structures (both unliganded and ligand-bound forms, Fig. 
3g)30–32. The combination of our structural and biophysical data on MAG-ganglioside 
interaction, with that of others on MAG’s specificity for Neu5Ac-α2,3-Gal-β1,3-
GalNAc18 establishes the structural basis of ganglioside recognition by MAG. 
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To obtain more detailed information on MAG-ligand interactions, the commercially 
available trisaccharide 3′-N-Acetylneuraminyl-N-acetyllactosamine (Neu5Ac-α2,3-Gal-
β1,4-GlcNAc) was soaked into the MAG1-3 crystals, as these provided higher resolution 
data. For the soaked crystals, diffraction data was collected to 2.3 Å resolution. The 
crystals were isomorphous to the unsoaked MAG1-3 crystals (table 1) and a Fo(soaked)-
Fo(unsoaked) map revealed clear electron density in the oligosaccharide binding site for 
one of the two MAG1-3 chains in the asymmetric unit (Fig. 3c). Most likely the other 
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Neurite outgrowth inhibition depends on MAG dimerization
We tested different MAG variants in neurite outgrowth assays to determine the role 
of MAG dimerization for neuronal plasticity inhibition (Fig. 4). In agreement with 
previous data20,38, MAG1-5 wt on cover slips inhibited neurite outgrowth of hippocampal 
neurons compared to poly-L-lysine-covered slips (Fig. 4a and 4b). Other dimeric variants 
(MAG1-5 N406Q and MAG1-5-Fc) inhibited neurite outgrowth to a similar level (Fig. 
4d and 4f ). The monomeric MAG1-5 I473E and MAG1-3 wt, on the other hand, showed 
no significant neurite outgrowth inhibition (Fig. 4c and 4e). Interestingly, MAG1-5-
Fc R118A, which is dimeric but lacks sialic acid binding properties, showed neurite 
outgrowth stimulation instead of inhibition, compared to poly-L-lysine (Fig. 4g). These 
data indicate that dimerization through domains Ig4-Ig5 and the ability to bind sialic 
acid moieties on the neuronal surface are required for neurite outgrowth inhibition 
signaling by MAG for hippocampal neurons.

Figure 3. Structural characterization of ligand recognition by the N-terminal domain Ig1 of MAG
(a) 2Fo−Fc electron density map displayed at a contour level of 1.3 σ before placing any ligand for 
refinement in the MAG1-5 deglycosylated crystal structure (blue), showing a density that fits well with 
the Neu5Ac-α2,3-Gal-β1,3-GalNAc trisaccharide (orange). (b) Native mass spectrometry reveals two 
species that have a mass difference of 854±1.4 Da, presumably because of oligosaccharide ligand 
binding. The deconvolved mass versus intensity spectrum (blue) is shown together with the 20× 
amplified version of this spectrum for masses above 57.2 kDa (orange) to highlight the similar pattern 
of trimmings between the unliganded and ligand-bound form. (c) Fo−Fo (soaked-unsoaked) electron 
density at a contour level of 3.0 σ of MAG1-3 at the ganglioside binding site of chain B, showing the 
unbiased electron density changes that resulted from binding of the 3′-Sialyl-N-acetyllactosamine 
(Neu5Ac-α2,3-Gal-β1,4-GlcNAc) ligand and concomitant small conformational rearrangements. 
Residues involved in ligand engagement (sticks), as well as the C-mannosylation (yellow) on W22 are 
shown. The first two sugars of the 3′-Sialyl-N-acetyllactosamine (orange) fit the density well. (d) Protein-
ligand interactions with hydrogen bonds indicated by dashes and Van Der Waals’ contacts by curved 
blue lines. (e) Comparison of the four unliganded (grey) and the two ligand-bound structures of MAG; 
MAG1-5 deglycosylated (blue) and soaked MAG1-3 (purple). The CC’ loop adopts different conformations 
in the unliganded structures yet appears to undergo conformational selection by interactions of Y65 
in this loop with the ligand. (f) GT1b ganglioside liposome SPR confirms the contribution of contact 
residues from the crystal structures. Liposome and MAG molecules are displayed approximately 
to scale in schematic representation. Surprisingly, the W25Q mutant that lacks the tryptophan 
mannosylation on W22 shows enhanced ligand binding. (g) Similar ligand recognition by four different 
Siglec family members; MAG (purple, MAG1-3 structures), Siglec1 (red), Siglec5 (green) and Siglec7 
(blue). Shown are unliganded forms (lighter colors), ligand-bound forms (darker colors) with sialylated 
ligands and the conserved arginine (stick representation, R118 in MAG) that forms a salt bridge with 
the carboxylic acid group of the sialic acid. The structurally heterogeneous CC’ loop is also indicated.
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Figure 4. MAG dimerization and sialic acid-binding are required for neurite outgrowth inhibition of 
hippocampal neurons.
Dissociated neuron cultures were prepared from postnatal day 1 (P1) hippocampus and grown for 2 
days in vitro (DIV2) on (a) Poly-L-lysine (PLL) (20 μg mL-1) as a control or on coverslips coated with PLL 
and MAG proteins (60 μg mL-1): (b) MAG1-5 wt, (c) MAG1-5 I473E, (d) MAG1-5 N406Q, (e) MAG1-3 wt, (f) 
MAG1-5-Fc wt, or (g) MAG1-5-Fc R118A. Cultures are immunostained with antibodies against βIII-tubulin 
and 4’,6-diamidino-2-phenylindole (DAPI). Quantification of the length of the longest neurite is shown 
in μm in (h). n = 6 mice, One-way ANOVA with Tukey posthoc test was used, *: P< 0.05. **: P< 0.01. 
Error bars represent standard error of the mean. Only dimeric and not monomeric MAG constructs 
inhibit neurite outgrowth compared to PLL. Surprisingly, a dimeric variant that does not bind sialic 
acids (MAG1-5-Fc R118A) appears to stimulate neurite outgrowth.

Discussion

MAG controls adhesion and signaling between myelinating cells and axons. In contrast 
to earlier studies28,29, we find that MAG does not fold back onto itself like an Ig-horseshoe 
as in the L1CAM and axonin neuronal adhesion molecules. Instead, our data show 
that the extracellular region of MAG has an extended shape with limited inter-domain 
flexibility, similar to several other cell adhesion molecules such as SYG, Cadherin and 
Nectin family members39–41. 
The structure of MAG is the first of a full extracellular portion of a Siglec family member. 
Besides the common N-terminal V-type Ig domain for recognizing sialic acid moieties, 
Siglecs vary in the number of additional Ig domains; from 1 up to 16. Comparison 
of the structures of MAG and Siglec5 reveals a different inter-domain orientation 
between domains Ig1 and Ig2, likely due to differences in amino acids at the interface 
(Supplementary Fig. 17 and Supplementary notes).
By binding to axonal gangliosides, MAG maintains a defined spacing between the 
innermost myelin surface and the axon surface10–12,42. This myelin-axon spacing has 
been reported to be 12-14 nm based on electron micrographs of chemically fixed 
myelin tissue10–12. However, analysis of more recent electron micrographs of high-
pressure frozen myelin that does not suffer from fixation induced artifacts43 reveals 
an axon-myelin spacing of 9-12 nm. This periaxonal diameter matches well with a 
straightforward model that follows from our structural data of the MAG dimer and 
the MAG–ganglioside interaction: two opposing membrane surfaces are spaced 10 nm 
apart when the membrane-proximal C-termini of the MAG dimer are positioned on 
one membrane (the structures lack only two residues to the transmembrane helix) and 
the MAG dimer-bound gangliosides are positioned on the other membrane (Fig. 5). 
Although the two crystal forms of the full extracellular segment of MAG have different 
inter-domain angles (3.4 to 17.4°), the overall arrangement and resulting structure-
based axon-myelin spacing is similar (see also Fig. 2a). The agreement of intermembrane 
distance determined from high-pressure frozen electron microscopy on myelin tissue43 

and here by structural and biophysical data on the extracellular segment of MAG 
indicates that in the periaxonal space, MAG is dimerized in cis via domains Ig4-Ig5 
when bound to axonal gangliosides in trans. 
Intriguingly, in this model, the unusual tryptophan C-mannosylation on W22 is 
positioned at the interface of MAG and the extracellular leaflet of the axonal membrane 
(Fig. 5, Supplementary Fig. 18). The WxxW motif is conserved among MAG orthologues 
in vertebrates from fish to human, but is absent in all other Siglec paralogs (Supplementary 
Fig. 6). This suggests that tryptophan mannosylation is specific for the function of MAG. 
We showed that the mannosyl-group does not enhance the binding of MAG to GT1b 
ganglioside liposomes but may weaken it. Possibly, tryptophan mannosylation of MAG 
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provides specificity to sialylated ligand interactions. Alternatively, the close proximity of 
the mannosyl group to the axonal membrane during MAG-ganglioside interaction may 
indicate a regulatory role in axonal membrane engagement. 
The surface area of the MAG dimerization interface formed by Ig4 and Ig5 is large 
(2037 Å2) and hydrophobic. We find, however, that the affinity of MAG dimerization 
via this interface in solution is low (Kd of 3.8×102 μM). The weak interaction is probably 
important in the native context, where MAG is expressed on the cell surface, as the cis-
dimer can be trans-stabilized by interaction with gangliosides on the opposing axonal 
membrane. For the N-Cadherin family of cell adhesion molecules it has been shown 
that affinities as weak as 10 mM in solution are functionally important in the context of 
a trans-stabilized cis-dimer39. 
Dimerization of MAG may serve two purposes. It provides a mechanism to restrain 
the intermembrane distance, since a cis-trans stabilized MAG dimer would restrict 
angular freedom with respect to the membrane more than a trans only stabilized 
MAG monomer. In this sense, the MAG dimer could function as a “molecular leaf 
spring” that maintains the well-defined spacing between the axonal membrane and the 
adaxonal myelin membrane along the internode. Additionally, dimerization of MAG 
could enable compaction of the periaxonal space. The weak cis-interaction of MAG, 
if not stabilized in trans, may ensure enough monomer is available to bridge a wider 
periaxonal spacing (of up to 16 nm, based on the length of a MAG monomer) that may 
exist during myelin formation. Even greater distances could be bridged if MAG binds 
to sialylated N- or O-linked glycans of axonal surface glycoproteins before reaching 
the gangliosides. When trans-interactions with gangliosides have been established and 
possibly local concentrations are elevated due to the abundance of ganglioside ligands, 
the formation of MAG cis-dimers is triggered concomitant with compaction of the 
periaxonal diameter to its final spacing (Fig. 5). 
Dimerization of MAG can be regulated by modulating glycosylation on N406. Large 
and charged glycans on N406 can obstruct dimerization because of steric clashes 
and coulombic repulsion. Trimming all MAG N-linked glycans down to single 
N-Acetylglucosamines by deglycosylation with Endo-Hf or preventing glycosylation on 
N406 by mutating it to glutamine enhances dimerization (Fig 2, Supplementary Fig. 
8-12 and 16, table 2 and 3). This glycosylation site might play a regulatory role during 
myelin development and myelination-related pathologies. MAG glycosylation changes 
during development44 and abnormal glycosylation of MAG correlates with myelination 
deficiencies45–47. Possibly, modulation of N406 glycosylation, either at the biosynthesis 
level or by extracellular trimming, affects MAG dimerization and thereby impacts on 
the myelin-axon interaction (see Supplementary notes for details).
Myelin-to-neuron signaling with MAG as a ligand can inhibit neurite outgrowth2,3,20,21,48. 
Studies based on MAG truncations, chimeras and mutant versions suggested that the 

inhibitory properties reside in domains Ig4 and Ig5, and in the sialic acid binding 
site20,49,50. For example, a chimeric protein consisting of Siglec1 Ig domains 1-3 plus 
MAG Ig4-5, but not Siglec1 domains 1-3 alone, has neurite outgrowth inhibition 
properties similar to MAG49. We confirmed that the sialic acid-binding properties of 
MAG are required for neurite outgrowth inhibition in hippocampal neurons as the 
MAG1-5-Fc R118A mutant that lacks ganglioside binding properties does not inhibit, 
but surprisingly, stimulates neurite outgrowth (Fig. 4g). This has not been reported 
before and may be an interesting new avenue for therapeutic intervention to enhance 
central nervous system regeneration. In addition, we show that domains Ig4 and Ig5 
are essential for MAG dimerization and that neurite outgrowth inhibition is abrogated 
by the I473E point mutation that monomerizes MAG (Fig. 4e and 4c). Thus, it is 
the dimerization of MAG that is required for neurite outgrowth inhibition, rather 
than direct interactions of domains Ig4 and Ig5 with neuronal receptors, as previously 
suggested49,50. Although other protein receptors have been identified that mediate 
the neurite outgrowth-inhibiting signaling by MAG3, it has been shown that direct 
clustering of gangliosides by antibodies also leads to inhibition of neurite outgrowth of 
hippocampal neurons20. The combination of our data and that of others indicates that 
MAG dimerization at domains Ig4 and Ig5 and sialic acid binding at domain Ig1 induces 
neurite outgrowth inhibition for hippocampal neurons, by clustering of gangliosides.
Axon-to-myelin signaling with MAG as a receptor controls myelin formation. Antibody-
mediated extracellular clustering of the L-MAG isoform activates Fyn kinase23 and Fyn 
activation is essential for the initiation of myelination25. Our structures show that the 
C-termini of MAG1-5 are separated by 5.4 nm in the dimer, bringing the cytosolic 
regions into close proximity (Fig. 5). Probably, L-MAG dimerization as a result of 
trans interaction with gangliosides on the axon brings the cytosolic regions of MAG 
into close proximity to trigger activation of Fyn, similar to Fyn activation by Signaling 
Lymphocytic Activation Molecule (SLAM) clustering in immune cells51. Whether MAG 
forms higher-order clusters that are triggered by dimerization needs to be established, 
but a preference of both MAG and Fyn for lipid rafts24,52 suggests that both proteins can 
be locally enriched in the membrane to assist clustering. 
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Large-scale expression and purification
Constructs were transiently expressed in N-acetylglucoaminyltransferase I-deficient 
(GnTI−) Epstein-Barr virus nuclear antigen I (EBNA1)-expressing HEK293 cells in 
suspension (U-Protein Express). The medium was harvested six days after transfection 
and cells were spun down by 10 minutes of centrifugation at 1000× g. Supernatant 
was concentrated fivefold and diafiltered against 500 mM NaCl, 25 mM HEPES pH 
7.8 (IMAC A) using a Quixstand benchtop system (GE Healthcare) with a 10 kDa 
molecular weight cut-off (MWCO) membrane. Cellular debris was spun down for 10 
minutes at 9500× g and the concentrate was filtered with a glass fiber prefilter (Minisart, 
Sartorius). Protein was purified by Nickel-nitrilotriacetic acid (Ni-NTA) affinity 
chromatography followed by size exclusion chromatography (SEC) on a Superdex200 
Hiload 16/60 column (GE Healthcare) equilibrated in SEC buffer (150 mM NaCl, 
20 mM HEPES pH 7.5). Protein was concentrated to 7-14 mg/mL using a 30 kDa 
MWCO concentrator before plunge freezing in liquid nitrogen and storage at -80 °C.

Crystallization and data collection
Since initial crystallization attempts did not yield diffraction-quality crystals, several 
methods were employed to enhance crystallization. Deglycosylation was performed by 
adding Endo-Hf (1.0x106 U mL-1, New England Biolabs) 1:100 (v/v) directly to the 
concentrated protein and incubating overnight at 37 °C. Completeness of the reaction 
was analyzed by SDS-PAGE and sample quality was assessed by SAXS (see table 2). As 
an alternative approach, reductive lysine methylation was performed on glycosylated 
MAG1-5 diluted to 1 mg/mL, by two steps of two hours incubation at 4 °C with 1 M 
dimethylamine-borane complex (added 1:50, v/v), and 1 M formaldehyde (added 1:25, 
v/v)53. The reaction was completed by a final addition of 1 M dimethylamine-borane 
complex (added 1:100, v/v) and incubated overnight at 4 °C , after which the reaction 
was quenched by performing a SEC run on a Superdex200 (GE Healthcare) column 
equilibrated in 20 mM Tris/HCl pH 7.5, 200 mM NaCl. Therefore, this was the buffer 
used to set up crystallization experiments of the lysine-methylated protein. Sitting-drop 
vapor diffusion at 18 °C was used for all crystallization trials, by mixing 150 nL of 
protein solution with 150 nL of reservoir solution. Crystals of deglycosylated MAG1-5 

(6.7 mg/mL) appeared in a condition of 100 mM NaCl, 20 mM Tris/HCl pH 7.0, 7.7 
% PEG 4000 (w/v). Crystals of lysine-methylated MAG1-5 (8.4 mg/mL) appeared in 
a condition containing 200 mM NaOAc, 20 % PEG3350 (w/v). Crystals of MAG1-3 

(12.2 mg/mL) appeared in a condition containing 0.05 M tri-sodium citrate, 1.2 M 
ammonium sulfate, 3 % (w/v) isopropanol. MAG1-3 crystals were soaked overnight 
by addition of 1 µL reservoir solution containing 10 mM 3′-N-Acetylneuraminyl-N-
acetyllactosamine (Neu5Ac-α2,3-Gal-β1,4-GlcNAc, Sigma-Aldrich product A6936) to 
the drop. Crystals were cryo-protected with reservoir solution supplemented with 25 

Figure 5. Model for MAG-mediated myelin-axon engagement and signaling
The MAG1-5 (cartoon and surface representation) monomer and dimer are indicated, with the 
trisaccharide ligand (orange spheres, coloring as in Fig. 1) and the tryptophan mannosylation on W22 
(yellow spheres). Whereas monomeric MAG could span intermembrane distances of approximately 
16 nm (left), the cis dimerization of MAG restricts the periaxonal diameter to 10 nm (right). The 
arrow at the ganglioside binding site in the left panel indicates that the third sugar, which has the 
highest B-factors in the deglycosylated MAG1-5 structure and is not visible in the ligand-bound MAG1-3 
structure, needs to be in a different conformation to accommodate such binding. The dimerization of 
MAG brings the cytosolic regions into close proximity. This possibly triggers signaling into the myelin-
forming oligodendrocyte cell. See also Supplementary Fig. 18.

Methods

Generation of constructs and mutagenesis
MAG constructs were generated by polymerase chain reaction (PCR) using mouse 
S-MAG (IMAGE 40039200) as a template and primers to start at (UNIPROT) residue 
number 20 (after the signal peptide) and end at residue 325 for MAG1-3 and residue 
508 for MAG1-5. Point mutants were also created by PCR, either by a two-step PCR 
with overlapping primers (W22A, W25Q, Y65A, R118A, Y127A, T128A, I473E,) or 
by a single-step PCR using non-overlapping phosphorylated primers (N406Q). All 
constructs were subcloned using BamHI/NotI sites in pUPE107.03 (cystatin secretion 
signal peptide, C-terminal His6-tag), unless indicated otherwise.
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% of glycerol for deglycosylated MAG1-5 and MAG1-3 and with 25 % ethylene glycol 
for lysine-methylated MAG1-5. After brief incubation in the cryo-protectant solution, 
crystals were plunge-cooled in liquid nitrogen. Datasets were collected at 100 K at 
the Deutsches Elektronen-Synchrotron (DESY) PETRA III beamline P14 (lysine-
methylated MAG1-5, λ = 0.97553 Å), the European Synchrotron Radiation Facility 
(ESRF) beamline ID23-1 (MAG1-3, λ = 0.97599 Å) and Swiss Light Source (SLS) 
beamline PX (deglycosylated MAG1-5 and soaked MAG1-3, λ = 0.99998 Å).

Structure solution and refinement
Data were integrated by IMOSFLM54 (MAG1-5 deglycosylated, MAG1-5 lysine-methylated 
and MAG1-3 ligand bound) or XDS55 (MAG1-3 unliganded) and scaled and merged by 
the AIMLESS pipeline56. All structures were solved by molecular replacement using 
PHASER57. Initial search models were PDB IDs 1URL58 for Ig1, 4FRW41 residues 150-
242 for Ig2, 1CS659 residues 308-388 for domain Ig3, 3P3Y60 residues 55-185 for Ig4 and 
2YD661 residues 132-221 for Ig5. First MAG1-3 was solved by searching for two copies of 
1URL, followed by two copies of 1CS6 and finally two copies of 4FRW. Search models 
were trimmed to polyalanine chains by CHAINSAW62 to obtain better starting density. 
Next, deglycosylated MAG1-5 was solved by searching for the first two (refined) domains 
of MAG1-3, followed by SCULPTOR63-trimmed versions of 3P3Y and 2YD6 respectively. 
Lastly, the Ig3 domain was searched using the refined Ig3 of MAG from MAG1-3 as this 
domain had a much higher B-factor in the MAG1-5 crystals, likely because of the lack of 
any crystal packing contacts for this domain. It was important to realize that the unit cell 
only contained a single copy of MAG, resulting in a solvent content of 91%, which was 
used in PHASER to estimate the total scattering. Lysine-methylated MAG1-5 was solved 
by searching for the Ig1, Ig2, Ig4, Ig5 and Ig3 from the refined MAG1-3 and deglycosylated 
MAG1-5 structures, in that order. Again, Ig3 was searched last because of the high B-factor. 
After molecular replacement, models were improved by iterative density modification by 
DM (CCP4)64, manual model building in COOT65 and refinement with REFMAC66. 
Final refinement was performed with PHENIX67 and validation with Molprobity68. In 
both MAG1-5 structures, Ig3 from the higher resolution MAG1-3 structure was used as a 
reference structure to restrain refinement, because of the high B-factor and the resulting 
poor density for that domain. Ramachandran statistics were (% Ramachandran favored 
/ % allowed / % outliers): 93/7/0 (MAG1-5 deglycosylated), 91/9/0 (MAG1-5 lysine-
methylated), 97/3/0 (MAG1-3 unliganded) and 96/4/0 (MAG1-3 ligand bound). The 
buried surface are for MAG dimerization was calculated by PISA69.

Small angle X-ray scattering
Small-angle X-ray scattering (SAXS) was performed at the ESRF BM29 BioSAXS 
beamline equipped with a 2D Pilatus 1M detector (DECTRIS, Switzerland), operated 

at an energy of 12.5 keV. MAG constructs were diluted with and dialyzed against SEC 
buffer using a 10 kDa MWCO membrane. The concentrations were determined by UV-
Vis spectroscopy on a nanodrop ND-1000 spectrophotometer. Similar concentrations 
were selected for all samples to allow comparison (see table 2). SAXS data were collected 
at 20 °C unless indicated otherwise. The data were radially averaged, normalized to the 
intensity of the transmitted beam and exposure time and the scattering of the solvent-
blank (SEC buffer) was subtracted, following standard procedures. The curve was 
scaled using a BSA reference so that the I0 represents the molecular mass of the sample. 
Radiation damage was monitored by comparing curves collected from the same sample, 
only curves without radiation damage were merged. A single concentration was used 
for all measurements, no extrapolation to zero concentration was performed. Data were 
analyzed by PRIMUS70, GNOM71, DAMMIF72, CRYSOL73 and OLIGOMER70 of the 
ATSAS74 suite.

Analytical ultracentrifugation
Sedimentation equilibrium experiments were carried out in a Beckman Coulter 
Proteomelab XL-I and a Beckman Optima XL-A analytical ultracentrifuge. Either 12 or 
3 mm centerpieces with quartz windows were used, 12 mm for the lowest concentrations 
and 3 mm for the others. An-60 and An-50 Ti rotors (Beckman) were used to carry out 
the measurements. MAG constructs were diluted with and dialyzed against SEC buffer 
using a 10 kDa MWCO membrane. Input concentrations of 3.8, 35.3 and 89.0 μM 
(MAG1-5 wt glycosylated), 16.8, 27.2, 35.5 and 144 μM (MAG1-5 wt deglycosylated), 
3.6, 8.3, 41.4 and 102.8 μM (MAG1-5 I473E glycosylated), 7.2, 57.4 and 332 μM 
(MAG1-3 wt glycosylated) were used. Sedimentation equilibrium runs were performed at 
20 °C and at 7500, 14000 and 20000 rpm. Absorbance was determined at 250, 280 and 
300 nm with SEC buffer as a reference. Buffer density and viscosity were determined by 
SEDNTERP as 0.99823 g mL-1 and 0.001002 Pa·s, respectively.

In-gel digestion and LC-MS/MS
MAG1-5 was separated by SDS-PAGE, and cut from gel for digestion with trypsin 
(Promega). The gel band was cut to small pieces, washed in Milli-Q water and treated 
with acetonitrile to shrink the gel pieces. The sample was then incubated in 1 g/L 
1,4-dithiothreitol (DTT) for 60 minutes at 60 °C, treated with acetonitrile, alkylated 
with 10 g/L iodoacetamide for 30 minutes at room temperature in the dark and 
subsequently washed with ammonium bicarbonate and treated with acetonitrile, twice. 
The gel pieces were then incubated on ice for 90 minutes with 30 mg/L trypsin. Excess 
trypsin was removed, the gel pieces were covered in ammonium bicarbonate, and the 
samples were subsequently incubated overnight at 37 °C. The digested samples were 
collected and remaining sample was extracted from the gel pieces by treatment with 
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acetonitrile. The solution with the peptides was subsequently dried in a speedvac and 
the peptides resuspended in 10% formic acid, 5% dimethylsulfoxide (DMSO) in water.
Peptides were separated by reversed phase liquid chromatography (LC) coupled on-line 
to an Orbitrap Elite for MS/MS analysis. The nano-LC consists of an Agilent 1200 
series LC system equipped with a 20 mm ReproSil- Pur C18-AQ (Dr. Maisch GmbH) 
trapping column (packed in-house, i.d., 100 μm; resin, 5μm) and a 400 mm ReproSil-
Pur C18-AQ (Dr. Maisch GmbH) analytical column (packed in-house, i.d., 50 μm; 
resin, 3 μm) arranged in a vented-column configuration. The flow was passively split to 
100 nL/min. We used a standard 45-minute gradient from 7-30% acetonitrile in aqueous 
0.1% formic acid. All precursors were fragmented by both ETcaD and HCD. Data were 
searched against a custom database of recombinant protein sequences, including the 
MAG constructs used here, with trypsin as protease, allowing up to 2 missed cleavages. 
We used a 50 ppm precursor mass window and 0.02 Da fragment mass window. The 
C-mannosylated peptide, with 3+ precursor charge, eluted after 33-34 minutes and was 
identified by both HCD and ETcaD MS/MS, with matched fragment ions supporting 
site localization for the C-mannosylation.

Native mass spectrometry
Purified protein samples were deglycosylated with Endo-Hf as for crystallization, followed 
by buffer exchange to 150 mM ammonium acetate pH 7.5, using Vivaspin500 10 kDa 
MWCO centrifugal filter units. Samples were loaded onto gold-coated borosilicate 
capillaries prepared in-house for nanoelectrospray ionization. Samples were analyzed on 
a modified Orbitrap extended mass range (EMR) for high mass ions75.

Surface plasmon resonance
MAG1-5 wt and mutants cloned in-frame with an N-terminal cystatin secretion 
signal and a C-terminal Biotin Acceptor Peptide (BAP) and His6-tag (sequence 
AAAGSGLNDIFEAQKIEWHEGRTKHHHHHH), were biotinylated in HEK293 cells 
by co-transfection with E. coli BirA biotin ligase with a sub-optimal secretion signal (in a 
pUPE5.02 vector), using a DNA ratio of 9:1 (MAG DNA : BirA DNA, m/m)). Additional 
sterile biotin (100 μL of 10 mg/mL Tris-buffered biotin per 4 mL HEK293 culture) was 
supplemented to the medium a few hours after transfection. MAG mutants were purified 
from the medium by Ni-NTA affinity purification. Purity was evaluated by SDS-PAGE 
and coomassie staining and biotinylation by a streptavidin gel-shift assay followed by α-His6 
Western blot (Supplementary Fig. 19). C-terminally biotinylated MAG proteins were spotted 
on a G-STREP SensEye chip (Ssens) with a Continuous Flow Microspotter (CFM, Wasatch 
Microfluidics) using an 8×6 format. The C-terminal coupling of MAG to the surface mimics 
the native, membrane attached topology. SEC buffer with 0.005% tween was used as a 
spotting buffer and the coupling was quenched using 1 mM biotin in SEC buffer solution.

GT1b ganglioside liposomes were prepared as described previously76. In brief, the lipids 
dipalmitoyl phosphatidylcholine, dipalmitoyl phosphatidylglycerol, cholesterol and GT1b 
gangliosides were mixed in a molar ratio of 40.3:4.2:40.9:1.3 in a chloroform/methanol 
mixture (6:1, v/v). The lipid mixture was dried under vacuum on a rotary evaporator to 
create a thin film of lipids. Liposomes were formed by the addition of 1 mL of SEC buffer 
per 21.7 µmol of lipid mixture and 11 freeze-thaw cycles. As a negative control, liposomes 
with the same lipid composition but lacking GT1b were prepared using the same protocol. 
Liposomes were extruded through a 100 nm membrane with a mini-extruder (Avanti Polar 
Lipids) at 70 °C.
Surface plasmon resonance experiments, with the liposomes in the mobile phase and the 
MAG constructs attached to the surface, were performed on an MX96 SPRi instrument 
(IBIS Technologies) equipped with a CX flowcell, using the CX vesicle run protocol and an 
association time of 60 minutes at a temperature of 25 °C. As a running buffer, SEC buffer 
without any detergent was used. Preliminary removal of co-purified ligands before the runs 
and regeneration after runs was performed by washes with 0.5 % SDS in phosphate-buffered 
saline (PBS) followed by 5 M NaCl. Data was zeroed and referenced using SprintX 1.11 
(IBIS Technologies).

Animals
All animal use and care was in accordance with institutional guidelines and approved 
by the animal experimentation committee (DEC). Littermate C57BL/6 (Charles River) 
mice were killed by decapitation at postnatal day 1 (P1) before the brain was removed 
to prepare hippocampal neuronal cultures.

Neurite outgrowth assays
MAG1-5-Fc constructs were generated by subcloning into pUPE7.12 vector using 
BamHI/NotI restriction sites (Fc is C-terminal of MAG), expressed in HEK293 cells and 
purified by protein-A affinity purification using standard protocols. Coverslips were all 
coated overnight at 4 °C with poly-L-lysine (PLL) (20 μg/mL) and 2 hours at 37 °C with 
different MAG proteins (60 μg/mL): phosphate-buffered saline (PBS) (PLL control), 
MAG1-5 wt, MAG1-5 I473E, MAG1-5 N406Q, MAG1-3 wt, MAG1-5-Fc wt or MAG1-5-
Fc R118A (at least three independent experiments were conducted). It is expected that 
proteins immobilize non-specifically to the coverslips, therefore the immobilization 
efficiency of the different MAG variants was not experimentally verified. Hippocampal 
cultures were prepared as described previously77. In brief, the hippocampus was dissected 
at P1 and collected in L15 dissection medium (Gibco) containing 7 mM HEPES 
(L15-HEPES). Cells were dissociated by incubation in 0.25% trypsin in L15-HEPES 
at 37 °C for 20 minutes. Following 3 washes with L15-HEPES, cells were triturated 
using a fire-polished Pasteur pipette in growth medium (neurobasal medium (Gibco) 
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with B-27 supplement (Thermo-Fisher), L-glutamine, penicillin/streptomycin and 
β-mercaptoethanol). Hippocampal neurons were resuspended in fresh growth medium 
and plated onto PLL- and MAG-coated glass coverslips. After two days in vitro (DIV2), 
hippocampal cultures were fixed for 10 minutes in 4 % paraformaldehyde followed by 
three washing steps with PBS, blocking with 5 % normal donkey serum and 0.1 % triton 
in PBS, and incubated overnight at 4 °C with mouse anti-βIII-tubulin primary antibody 
(Covance, 1:500 (v/v)). The next day, cultures were washed three times with PBS and 
incubated with the secondary antibody (donkey anti-mouse Alexa Fluor 488, 1:750) for 
2 hours at room temperature. After three PBS washing steps, coverslips were incubated 
with 4’,6-diamidino-2-phenylindole (DAPI - Sigma) for 10 minutes. After several PBS 
washes, coverslips were mounted with FluorSave. Hippocampal neurons were visualized 
using a Zeiss Axioskop A1 using a 20× objective. Images were analyzed using FIJI (version 
2.0.0)78 by tracing the longest neurite of a hippocampal neuron (positive for tubulin 
and DAPI). Significance was determined using a one-way ANOVA (p=0.0001) with a 
Bonferroni posthoc test for multiple comparisons (GraphPad Prism version 6.07). Every 
construct was compared to control PLL or MAG wt. All quantitative assessments in this 
manuscript were performed while being unaware of the condition to avoid observer bias. 
During analysis, raw data were named in a descriptive way, without revealing experimental 
group information. Fluorescent microscopic imaging was always done with the same 
settings within experiments, and analyzing techniques were standardized. A single person 
analyzed all data obtained from the experiments. Significant levels were reached for the 
following proteins: MAG1-5 wt (**, 348 neurons counted), MAG1-5 N406Q (*, 385 
neurons counted), MAG1-5-Fc wt (**, 364 neurons counted) and MAG1-5-Fc R118A (*, 
369 neurons counted) compared to PLL (395 neurons counted). Constructs MAG1-5 
I473E (*, 342 neurons counted), MAG1-3 wt (***, 353 neurons counted) and MAG1-5-Fc 
R118A (****, 348 neurons counted) were significant compared to MAG1-5 wt. *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001. 
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Supplementary Figures

Supplementary Figure 1: High solvent content for MAG1-5 deglycosylated crystals
The MAG1-5 deglycosylated crystals in space group P322 have large solvent channels, explaining the 
high solvent content (91%) for these crystals. The MAG lattice is shown in blue, along the threefold 
screw axis, with a single MAG monomer highlighted in red.
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Supplementary Figure 2: Comparison of the MAG Ig2-5 domains, highlighting the different β-strand 
topology of strand D or C’ for the C1- and C2-type Ig folds.
MAG Ig2-5 are all C-type Ig domains, colored as in figure 1a in this figure. Ig3 and Ig4 have a C2-type 
Ig fold as predicted. Ig2 and Ig5 on the other hand are of the C1-type, contrary to predictions. The 
C1- and C2-type Ig folds have a different β-strand topology of strand C’ and D, indicated by a circle. 
Whereas the C1-type Ig fold has the D-strand aligning to the ABE sheet (in the frontal sheet from this 
point of view), this strand is aligning to the bottom CFG sheet in the C2-type fold, where it is referred 
to as the C’-strand.

Supplementary Figure 3: Electron density around non-canonical disulfides
(a) Stereo image of the electron density around the disulfide of C37-C165 between Ig1 and Ig2 at 
a contour level of 1.3 σ from the unliganded MAG1-3 structure (top) and simulated annealing omit 
map of the sulfur atoms of this disulfide at a contour level of 3.5 σ (bottom) (b) Stereo image of 
the electron density around the disulfides of C421-C430 (non-canonical) and the adjacent canonical 
disulfide C432-C488 of Ig5 at a contour level of 1.2 σ from the deglycosylated MAG1-5 structure (top) 
and simulated annealing omit map of the sulfur atoms of the C421-C430 disulfide at a contour level 
of 6 σ (bottom).

Supplementary Figure 4: Glycosylation of MAG in the lysine-methylated MAG1-5 crystal form
Glycans are shown (sticks) based on the electron density for the lysine-methylated MAG1-5 crystal form 
(orange, cartoon representation). Numbering for the frontal/left monomer of MAG (darker orange).
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Supplementary Figure 5: Electron density for the fucosylation of the N-linked glycan on N332
The 2Fo−Fc electron density map contoured at 1.3 σ around N332 is shown for the deglycosylated 
MAG1-5 crystals, with the N-linked glycan after Endo-Hf treatment modeled (sticks).

Supplementary Figure 6: Tryptophan mannosylation proximal to the ligand binding site
(a) 2Fo−Fc electron density map contoured at 1.0 σ around W22 in the MAG1-3 unliganded crystals, also 
showing W25 that is part of the canonical WxxW motif for tryptophan mannosylation. (b) Sequence 
alignments show that the WxxW motif is conserved among MAG orthologs in different vertebrate 
species, but not in any of the Siglec family paralogs, suggesting functional specificity of this modification 
for MAG. (c) Native mass spectra of MAG1-5 wt and MAG W25Q, showing a mass shift corresponding to 
the mutation plus loss of the mannosyl group.
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Supplementary Figure 7: Tryptophan-mannosylation is confirmed to be on W22.
MS/MS spectra (by higher-energy collision dissociation or electron transfer dissociation) of 
the tryptophan-mannosylated N-terminal peptide after trypsinization of wt MAG1-5 show 
fragment ions corresponding to mannosylation on W22. The sequence was assigned as: 
GSGHwGAWmPSTISAFEGTcVSIPcR with the following post-translational modifications and adducts: 
+hexose (tryptophan-mannosylation) on W5, +oxidation of M9, +carbamidomethylation of C20, 
+carbamidomethylation of C25).

Supplementary Figure 8: Size-exclusion chromatograms of MAG1-5 wt, MAG1-5 I473E and MAG1-5 
N406Q
Size exclusion chromatography was performed in large scale as part of the purification procedure on a 
Hiload 16/60 Superdex200 column as described in the methods section. Absorption was measured at 
280 nm. A clear shift to a dimer is observed for the MAG1-5 N406Q mutant.
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Supplementary Figure 9: SAXS analysis of the deglycosylated MAG variants
(a) Log I vs. Q plot of the different deglycosylated MAG variants. The higher I values at larger scattering 
angles for the MAG1-5 N406Q variant might be explained by the fact that this was the only construct 
measured at 277 rather than 293 K (see also panel e), since it was too sensitive to radiation damage 
and aggregation at 293 K. (b) Kratky plot of the different deglycosylated MAG variants. Again, the 
MAG1-5 N406Q curve is the only spectrum measured at 277 rather than 293 K (see also panel f). 
(c) Paired distance distribution function for the different deglycosylated MAG variants. (d) Guinier 
plots for the different deglycosylated MAG variants. (e) Analysis of the effects of temperature for 
glycosylated MAG1-5 N406Q at similar concentrations. The Log I vs Q plot is shown, revealing higher 
scattering intensities (I) for larger scattering angles (Q) when measuring at lower temperatures (277 
instead of 293 K). This might explain the similar effect observed for deglycosylated MAG1-5 N406Q in 
panel a, which was measured at 277 K instead of 293 K. (f) Kratky plot of glycosylated MAG1-5 N406Q 
at 277 and 293 K, showing a similar effect as seen for the deglycosylated MAG1-5 N406Q in panel b.

Supplementary Figure 10: Theoretical scattering of crystal structures as determined by CRYSOL 
compared to experimental SAXS curves
(a) Theoretical scattering of the glycosylated crystal forms, calculated using the crystal structure of 
lysine-methylated MAG1-5 in monomeric or dimeric form and of glycosylated MAG1-3, compared to 
the experimental SAXS curves for the indicated glycosylated MAG forms. Only coordinates of glycans 
observed in the electron density were used, no extra glycan moieties were modeled. (b) Same for the 
deglycosylated crystal forms, using the crystal structure of the deglycosylated MAG1-5 monomer and 
dimer and of MAG1-3 with the glycan coordinates removed, except for the asparagine-attached GlcNAc 
residues and the tryptophan mannosylation, which are not removed by Endo-Hf deglycosylase. The 
MAG1-3 scattering curves agree very well with the theoretical scattering of the monomeric structures 
of MAG1-3. (c) Table with χ values of fits.
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Supplementary Figure 11: OLIGOMER fits to experimental SAXS curves for MAG1-5 wt and mutants
OLIGOMER fits to SAXS curves of glycosylated (a) and deglycosylated (b) MAG1-5, using the same models 
as in Supplementary Fig. 10. (c) Monomer-dimer ratios determined by OLIGOMER and χ of the fits.

Supplementary Figure 12: Fits of Dammif ab-initio modeling to the SAXS data of deglycosylated 
MAG1-5 mutants
Dammif fits corresponding to the bead models shown in figure 2g, corresponding to the data of 
deglycosylated MAG1-5 I473E (χ2=1.05) and MAG1-5 N406Q (χ2=1.33). Twofold rotational symmetry was 
enforced for the MAG1-5 N406Q model.
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Supplementary Figure 17: Comparison of the inter-domain orientation between the two N-termi-
nal domains of MAG and siglec5
Siglec5 is the only other siglec family member for which a structure is available comprising more 
than one domain. Comparison of the MAG1-3 (purple) and siglec5 (green) structures, aligned by their 
N-terminal V-type Ig domains, reveals a marked domain rotation of 94° of the second Ig domain (light) 
with respect to the first Ig domain (dark). Both have a conserved inter-domain disulfide between 
the first two domains (shown as thick sticks), as do most other siglec family members. The domain 
rotation is probably the result of variations of the other residues at the inter-domain interface (shown 
as sticks) as well as differences in the structure of the second domain. 

Supplementary Figure 18: Top and bottom views of the MAG dimer
(a) Top view of deglycosylated MAG1-5 dimer (representation as in Fig. 5, but rotated 90 °), one molecule 
colored by domain and the other purple with the surface shown. The co-purified carbohydrate 
ligand (orange spheres), the tryptophan mannosylation (yellow spheres, labelled W-Man), the other 
glycosylation sites (brown sticks) and the membrane-proximal C-termini (green spheres) are indicated. 
(b) Bottom view of deglycosylated MAG1-5 dimer with electrostatic surface potential shown (red is 
negatively charged, blue is positive, white is neutral).
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Supplementary Figure 19: Gel-shift assay confirms biotinylation of MAG mutants as ligands for 
GT1b ganglioside liposome SPR.
The different binding-site mutants were expressed with a biotin acceptor peptide (BAP) and His6-
tag and co-expressed with BirA biotin transferase in HEK cells as described in the Methods section. 
After small-scale Ni-affinity purification, biotinylation was confirmed by a gel-shift after addition of an 
excess of streptavidin. The second sample is the same construct as the first, but expressed in HEK cells 
without the GnTI−/−, thus having mature N-linked glycans, but this construct was not used for further 
analyses. All samples appear fully biotinylated as the lower band completely disappears, the extra top 
band that appears sometimes for the samples with streptavidin likely corresponds to two biotinylated 
MAG proteins binding to a single streptavidin tetramer.

Supplementary notes

Comparison of Siglec structures
We present the first structure of a full extracellular domain of a Siglec family member. 
All other Siglecs function in the immune system rather than in the nervous system, but 
they share an N-terminal V-type Ig domain for recognizing sialic acid moieties, followed 
by 1 to 16 C-type Ig domains1.
Other available Siglec structures comprise either only the N-terminal V-type Ig (Siglec1/
Sialoadhesin2 and Siglec73), or the two N-terminal domains (Siglec54). Comparison of 
the two N-terminal domains of Siglec5 with those of MAG reveals a markedly different 
inter-domain orientation (rotation of 94°, Supplementary Fig. 17). This is surprising, 
since Siglec5 and MAG, as well as most other Siglecs, have a conserved disulfide bond 
between the two N-terminal domains. This domain rotation is probably caused by 
differences in the other amino acids at the inter-domain interface between Ig1 and Ig2, 
as well as a structurally less conserved second Ig domain (Supplementary Fig. 17).
Siglec10 and Siglec11, like MAG, have five Ig domains in total. Whether they can 
form dimers in a similar fashion to MAG and whether this is related to their function, 
remains to be investigated.

Additional insights in ligand recognition
One of the two co-purified tetrasaccharide ligands of MAG has a glycolyl variant of sialic acid 
(Neu5Gc instead of Neu5Ac), that is not biosynthesized by humans and likely originated 
from the beef digest Primatone that was part of the expression medium. The fact that this 
low-abundant sugar is prevalent in purified MAG sample suggests that it binds stronger than 
the N-acetylneuraminic acid variant. This could be explained by an extra hydrogen bond 
that the hydroxyl group of the glycolyl variant could form with the side chain of conserved 
residue N125 in MAG. However, this is in conflict with studies showing no binding of 
MAG to Neu5Gc-containing gangliosides5,6. Also it is interesting that MAG seems to 
have a preference for tetrasaccharides rather than trisaccharides, even though no density is 
observed for the fourth sugar in the deglycosylated MAG1-5 crystal form. These observations 
are relevant for rational drug design efforts, as the ganglioside binding site is an intensively 
studied drug target7.

Glycosylation on Asparagine 406 may serve a regulatory function
We show that the N-linked glycan on N406, that appears to clash with its symmetry-
related dimerization partner, reduces dimerization potential in solution. This suggests 
that the N406 glycosylation site may serve to regulate self-interaction and thereby 
myelination. For example, MAG can carry HNK-1 containing N-linked glycans on 
N406, which have a terminal negatively charged glucuronic acid8 that could potentially 
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modulate MAG dimerization by coulombic repulsion. Regulation may occur at the 
biosynthesis level, in which the expression levels of glycosylation enzymes in the secretory 
pathway vary during development. Alternatively, extracellular trimming by glycosidase 
enzymes may spatially and temporally regulate MAG dimerization by acting on N406. 
A putative candidate glycosidase for such a role is the antiaging factor Klotho, a secreted 
glycosidase present in the cerebrospinal fluid9,10. It is known to have β-glucuronidase 
activity and to trim N-linked glycans of neuronal membrane-anchored proteins10,11. 
Trimming of these charged glucuronic acid groups from the N-linked glycans on 
MAG N406 by Klotho could reduce the coulombic repulsion and thus enhance MAG 
dimerization. 
In line with this hypothesis, Klotho knockout mice have an impaired myelination 
phenotype12. Furthermore, it was shown that downstream intracellular targets of Klotho 
in oligodendrocyte precursor cells (OPCs) are part of the Akt and Erk signaling pathways12. 
These pathways are also downstream of Fyn kinase in OPCs and oligodendrocytes13, 
suggesting that MAG/Fyn could be a transmembrane link connecting extracellular 
Klotho activity with intracellular signaling events in OPCs. We speculate that in healthy 
individuals, Klotho could be involved in trimming glucuronic acid-containing N-linked 
glycans on N406 of MAG, thus regulating MAG dimerization, Fyn signaling and 
thereby myelination.
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Abstract

The Nogo Receptor (NgR) is a glycophosphatidylinositol (GPI)-anchored cell 
surface protein and a receptor for three myelin-associated inhibitors of regeneration 
(MAIs) Myelin-associated glycoprotein (MAG), Nogo66 and Oligodendrocyte 
Myelin glycoprotein (OMgp). In combination with different co-receptors NgR 
mediates signaling that reduces neuronal plasticity. Available structures of the NgR 
ligand-binding leucine-rich repeat (LRR) domain have an artificial disulfide pattern 
due to C-terminal construct boundaries. NgR was previously shown to self-associate 
via its LRR domain, but the structural basis of this interaction is elusive. Here, 
crystal structures of the NgR LRR with a longer C-terminus and native disulfide 
pattern are presented. An additional C-terminal loop proximal to the C-terminal 
LRR cap is stabilized by two newly-formed disulfide bonds but is otherwise mostly 
unstructured in the absence of any stabilizing interactions. NgR crystallized in six 
unique crystal forms, three of which share a crystal packing interface. We compare 
NgR crystal packing interfaces from all eight unique crystal forms to explore how 
NgR could self-interact on the neuronal plasma membrane.

Introduction

NgR is a neuronal cell surface-expressed GPI-anchored protein receptor for ligands that 
negatively regulate plasticity in the central nervous system (CNS)1–4. Knockout of NgR 
results in prolonged periods of ocular dominance plasticity5,6 and anatomical plasticity 
at dendritic spines and synapses7–9. NgR is part of receptor complexes that mediate 
signaling by three MAIs that inhibit neurite sprouting and outgrowth and collapse 
axonal growth cones upon injury in the CNS1–4. The three structurally unrelated 
MAIs Myelin-associated glycoprotein (MAG), Nogo66 and Oligodendrocyte Myelin 
glycoprotein (OMgp) all bind and signal through NgR to inhibit neurite outgrowth 
and collapse axonal growth cones10–12. These three MAIs bind to the N-terminal leucine-
rich repeat (LRR) domain of NgR11,13–18. C-terminal of the NgR LRR domain is a 
heavily glycosylated stalk that contains a disulfide-linked loop19 followed by a GPI-
anchoring sequence that is replaced by a GPI anchor in mature NgR. The stalk of NgR 
is required but not sufficient for signal transduction and replacing the GPI anchor with 
a transmembrane helix results in reduced sensitivity of neurons to MAI ligands14.
Since NgR is GPI-anchored and lacks an intracellular domain for signal transduction into 
the neuron, it forms signaling complexes together with four different transmembrane 
co-receptors; the neurotrophin receptor p7520,21, its homologue TROY, LRR and 
immunoglobulin-like domain-containing NgR-interacting protein 1 (LINGO-1)22 and 
its homologue Amphoterin-induced gene and open reading frame 3 (AMIGO3). It 
is not well understood how these co-receptors are able to transduce the signal to the 
cell interior but several studies have provided useful insights. p75 has a cysteine in its 
transmembrane region that allows the formation of disulfide-linked dimers, which is 
important for MAI signal transduction through the membrane23–25. TROY is a more 
abundant transmembrane co-receptor in adults that can functionally substitute for 
p7526,27 and also has a cysteine in its transmembrane region. LINGO-1 binds to NgR 
and p75 and confers MAI-sensitivity to non-neuronal COS-7 when co-transfected 
together with NgR and p7522. AMIGO3 was identified as a functional substitute 
for LINGO-1, mediating MAI signaling through NgR for the acute effects of MAIs 
on regeneration28. Thus, NgR forms complexes with either p75 or TROY and either 
LINGO-1 or AMIGO3 to mediate MAI signaling.
More recent studies have shown that NgR and LINGO-1 compete for p75 binding 
and that LINGO-1 is mostly expressed in recycling endosomes, whereas NgR and p75 
are prevalent on the cell surface29. Also, LINGO-1 was found to bind to NgR via an 
interface overlapping with that of the MAI ligands17. These results suggest that NgR 
and LINGO-1 form complexes with p75 sequentially rather than being in a ternary 
complex. A mechanism has been proposed in which LINGO-1 displaces NgR from p75 
after internalization29. 
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Structures have been solved of the LRR domain of NgR15,30 as well as its paralog NgR231. 
However, the currently available NgR structures are the result of truncated constructs 
(residues 26-310 for 1OZN and 27-31130 for 1P8T15) that result in an artificial disulfide 
pattern in the C-terminal LRR capping region19. In these structures, a disulfide bond 
is observed between cysteines C266 and C30915,30, whereas in full-length NgR, C266 
forms a disulfide with C335 and C309 with C336 (mouse NgR numbering, see fig. 
1)19. This generates an extra disulfide-enclosed segment between cysteine 309 and 335 
(residues 310-334, hereafter referred to as C-terminal segment). The cysteines C335 
and C336 responsible for this arrangement are conserved in NgR orthologs (Fig. 1, 
bottom panel) but are not conserved in the NgR paralogs NgR2 and NgR3. Deletion 
of this loop was reported to selectively increase binding of NgR to Nogo66 or OMgp18. 
A chimeric protein consisting of the LRR of NgR, in which this loop is replaced with a 
13 amino acid sequence from the stalk of NgR2, binds stronger to all three MAIs than 
either NgR or NgR218. The C-terminal segment is expected to be on the convex side 
of the LRR next to the C-terminal LRR cap19. However, mutagenesis studies, as well as 
evolutionary conservation, suggest that it is the concave rather than the convex side of 
the NgR LRR that is involved in binding all three MAIs as well as LINGO-117,30. Thus, 
it remains unclear how the disulfide pattern of the C-terminal LRR capping domain and 
the extra C-terminal loop influence binding of MAI ligands.
Different NgR truncation constructs, corresponding to the artificially short LRR (res. 27-
310), the LRR including the C-terminal segment (res. 27-344) and a construct including 
most of the glycosylated stalk (res. 27-431) have been compared to determine the region 
necessary for p75 and TROY binding. For both TROY and p75, binding was observed 
with just the short LRR, but the affinity was increased by including the C-terminal 
segment and further enhanced for the third construct27. Other studies found that the 
short LRR does not support p75 binding, whereas the full extracellular segment of NgR 
does21,30. These results confirm earlier studies showing that the membrane-attached NgR 
LRR without the stalk is not sufficient for Nogo66-induced signaling14. Taken together 
these data indicated that the artificially short NgR LRR domain supports binding of 
the three MAI ligands11,13–18, but that the C-terminal loop and the glycosylated stalk are 
required for efficient co-receptor binding and signal transduction.
NgR has been shown to self-interact via its LRR domain14,15,32 at the plasma membrane14,15. 
These assemblies were previously suggested to represent an inactive signaling state as 
they can form in the absence of MAI ligands15. However, the structural basis of this 
interaction remains elusive, as the available NgR structures do not have any crystal 
packing interfaces in common15,30,33.
Although a structural model has been proposed for the 310-334 segment and how 
it interacts with the rest of NgR19, this model is not supported by any experimental 
data. Also, it is not clear how the NgR LRR self-interacts14,15,32. Here we describe six 

independent crystal structures of NgR with native disulfide bonds, show that the 
C-terminal segment forms a flexible loop in the absence of any stabilizing ligands and 
propose a novel mode of NgR self-interaction.

Results

Structures of NgR with correct disulfide pattern show that the C-terminal segment 
forms a loop that is flexible in the absence of stabilizing ligands.
To study NgR with its native disulfide structure, two constructs were generated that 
include the extra cysteines necessary for correct disulfide formation. Constructs of the 
NgR LRR truncated after (mouse) residues 337 and 348 are hereafter referred to as 
NgRa and NgRb, respectively. The latter includes an extra 11 amino acid sequence 
(PDAADKASVLE) that is relatively hydrophobic and conserved among orthologues 
compared to the rest of the glycosylated stalk (Fig. 1). This NgRb construct is very 
similar (truncated at residue 348 instead of 344) to the construct that previously showed 
enhanced binding to p75 and TROY compared to the short LRR with the artificial 
disulfide structure27.
A number of crystal forms were obtained for NgRa (five) and NgRb (three) as 
glycosylated or Endo-Hf-treated versions. These crystal forms will be referred to as 
NgRa-1 to NgRa-5 and NgRb-1 to NgRb-3 hereafter (see tables 1 and 2). Counting 
all NgR molecules in the asymmetric units for all crystal forms, a total of 23 new NgR 
structures were solved (table 2). The C2 and P212121 crystal forms were observed for 
both NgRa (NgRa-1 and NgRa-3, respectively) and NgRb (NgRb-1 and NgRb-3, 
respectively). NgRa-3 and NgRb-1 diffracted to the highest resolution (both 1.9 Å), 
whereas the lowest maximum resolution of 2.5 Å was obtained for NgRa-2, NgRa-4 
and NgRb-3. Most often, NgR crystallized as needles in low pH conditions (pH 4-5), 
but other morphologies and higher pH values (up to pH 6.5) also occurred (see table 
2). Three crystallization conditions contained NgR ligands or co-receptors in attempts 
to obtain crystals of complexes, but these additional molecules were not observed in any 
of the datasets (see methods section for details).
All structures were solved by molecular replacement using a previously solved structure of 
the human NgR LRR30 as a search model. Both previously-confirmed N-linked glycans 
at N82 and N17930 were confirmed in all our structures, as well as an N-linked glycan on 
N237, which is part of a canonical NxS motif for N-linked glycosylation (Fig. 2). This 
N-linked glycan was not observed in the three previously-published structures15,30,33. 
The alternative disulfide pattern that was shown by mass spectrometry19, with disulfides 
between C266-C335 and C309-C336 instead of C266-C309, was confirmed in all our 
structures. The overall structure of the NgR LRR domain, including the C-terminal cap, 
is not affected by the alternative disulfide structure (Fig. 3a). 
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Figure 1: Rationale for construct design 
The C-terminal cap of the LRR of NgR in available structures15,30MAG and OMgp limit axonal 
regeneration after injury of the spinal cord and brain. These cell-surface proteins signal through 
multi-subunit neuronal receptors that contain a common ligand-binding glycosylphosphatidylinositol-
anchored subunit termed the Nogo-66 receptor (NgR has an artificial disulfide pattern due to construct 
bounderies19. Therefore, longer constructs of the NgR LRR including C335 and C336 were generated 
(NgRa and NgRb) that include an extra C-terminal segment (blue) that is enclosed by the C266-C335 
and C309-C336 disulfides. NgRb also includes a relatively conserved and hydrophobic sequence 
C-terminal of these cysteines (green), see bottom panel for sequence alignment of this region in NgR 
orthologues. Amino acids are colored by percentage identity (blue is more conserved).

Figure 2: Electron density for the N-linked glycans on the NgR LRR
2Fo-Fc electron density of the glycosylated NgRa-4 crystal form at a contour level of 1.3 σ around 
the N-linked glycans on N82 (left panel), N179 (middle panel) and N237 (right panel), confirming the 
previously-confirmed glycosylation sites on N82 and N17930 and showing clear electron density for the 
N-linked glycosylation site at N237.

The C-terminal segment (residues 310-334) forms a loop in our structures. Despite 
being anchored to the C-terminal Cap by two disulfides C266-C335 and C309-C336, 
this loop is disordered in most of the structures. Only in one crystal form, NgRa-5, 
the whole loop could be modeled in the electron density. In this crystal form, eight 
NgRa molecules are present in the asymmetric unit, related by point group 422 non-
crystallographic symmetry. For these NgRa molecules, a relatively large portion of the 
loop is observed in the electron density (Fig. 3b). For one of the NgRa molecules in the 
NgRa-5 crystal form (called chain B) the whole loop could be modeled in the relatively 
weak electron density, with high B-factors in particular for residues 313-318 (Fig. 3c-e). 
The loop is also relatively well-resolved in the NgRa-4 crystal form (except for residue 317-
321), likely due to stabilizing packing interactions. In this crystal form, the loop adopts 
a conformation similar to that in the NgRa-5 crystal form (Fig. 3). In both NgRa-4 and 
NgRa-5, α-helical secondary structure can be observed in both the C-terminal segment 
and the C-terminus (residues C-terminal of C336). The α-helix in the C-terminal 
segment may represent a native structure. The α-helix observed at the C-terminus, on 
the other hand, is most likely an artifact, since most residues in this segment (QAAAHH) 
are part of the restriction site and purification tag (AAAHHHHHH). In the full-length 
protein and in the NgRb construct a proline is present in this segment instead of the first 
alanine (P338, Fig. 1) that likely perturbs the α-helix34. Indeed, no α-helical structure is 
observed for the C-terminus in any of the NgRb structures. The fragments of the loop 
310-334 that are observed in the electron density of the crystal forms other than NgRa-
4 and NgRa-5 are structurally heterogeneous (Fig. 3a). Concluding, the fragmented or 
absent electron density, the high B-factors and the heterogeneous conformations of the 
C-terminal segment in the different crystal forms indicate that it is a flexible loop in 
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the absence of stabilizing interactions (Fig. 3). Nonetheless, a preference for a possibly 
energetically-favored conformation of this C-terminal loop is suggested by its similar 
structure in the unrelated NgRa-4 and NgRa-5 crystal forms.

Figure 3: Crystal structures of NgRa and NgRb reveal that the C-terminal loop is mostly flexible. 
(a) The six different independent crystal forms of NgR with the correct disulfide structure are 
compared to the currently published structures 1P8T15 and 1OZN30. The structure of the LRR domain 
is not altered and confirms the alternative disulfide pattern reported previously19. The right panel 
shows a close-up view of the disulfides as in the previously-published structures (thick ball-and-stick) 
and in the structures of the longer NgRa and NgRb constructs (thin sticks). The asterisk indicates the 
location of C309 in 1P8T and 1OZN. (b) Comparison of the resolved parts of the C-terminal loop in 
the NgRa-4 and NgRa-5 crystal forms reveals a similar structure which appears to be flexible. In other 
crystal forms, this loop could not be resolved. The eight copies of NgRa in the asymmetric unit (AU) 
of the NgRa-5 crystal form, that are related by point group 422 non-crystallographic symmetry, are 
colored different shades of green and the single copy from the asymmetric unit of NgRa-4 is orange. 
(c) Analysis of the B-factors of the Cα’s in the C-terminal loop for the best-resolved structure of the 
loop (chain B from NgRa-5) confirms this loop is flexible. A thick tube and red colors represent high 
B-factors, a thin tube and blue colors represent low B-factors, using a rainbow gradient. (d) Same 
representation as panel (c), now showing the sidechains as sticks. It appears that most hydrophobic 
sidechains pack together in the C-terminal loop. (e) Same representation as panel (d) but with the 
2Fo-Fc electron density contoured at 1.0 σ. Ordered solvent molecules are shown as red spheres and a 
chloride ion as a green sphere. A close-up view of residues 313-318 shows that this part of the loop in 
particular is flexible and poorly-resolved. 

NgR self-interacts in different crystal forms through a shared interface.
Since NgR was previously shown to self-interact on a cell surface, we analyzed the 
crystal packing interfaces of all our NgR structures as well as those previously solved by 
others15,30,33. Remarkably, several different crystal forms of both NgRa and NgRb share 
a crystal packing interface involving the concave surface of the NgR LRR (NgRa-1, 
NgRa-3, NgRb-1, NgRb-2 and NgRb-3), hereafter referred to as interface 1. 
The crystals in which NgR packs via interface 1 all grew in conditions buffered at 
pH 5 (table 2). Interface 1 is part of linear arrays of interacting NgR molecules along 
a 21 screw axis with a pitch of 46.6±0.3 Å (Fig. 4). In some crystal forms, this is a 
crystallographic screw axis (NgRa-3, NgRb-2 and NgRb-3; space group P212121, P21 
and P212121, respectively). In the crystal forms with space group C2 (NgRa-1 and 
NgRb-1) the same interface is formed by the combination of a crystallographic twofold 
rotation and translation along the b-axis of one unit cell. In these crystal forms, the 
b-axis has a dimension of 46.6 Å (see table 1), equivalent to the pitch of the screw 
axis in NgRa-3, NgRb-2 and NgRb-3. All crystals that showed such NgR arrays had 
needle-like macroscopic morphology and vice versa, suggesting that the screw axes of 
NgR arrays correspond to the long axes of the needle crystals. However, these arrays 
are only observed in Endo-Hf-deglycosylated crystal forms and cannot form with 
native glycosylated NgR, although dimerization via interface 1 is still possible (Fig. 4). 
N-linked glycans on asparagines N82 and N179 of NgR molecule n would clash with 
the LRR of NgR molecule n+2. Similarly, the N-linked glycan on asparagine N237 
of NgR molecule n would clash with the LRR of NgR molecule n-2. However, these 
glycans are not interfering with dimerization via interface 1 (n with n+1) as observed in 
these crystals (Fig. 4). Thus, for natively glycosylated NgR, dimers should still be able 
to form via interface 1, whereas further multimerization would be blocked by the three 
N-linked glycans on the NgR LRR.
Interface 1 is mostly hydrophilic and has a surface area of approximately 750 Å2. The 
N-terminal LRR cap and concave side of one NgR LRR (the interface spans LRRs 1-7) 
interacts with the concave face of the C-terminal LRR cap of another NgR molecule 
(Fig. 5a). The interaction is stabilized by seven salt bridges, ten direct hydrogen bonds 
and a π-π interaction between the sidechains of Y34 and R279 (see table 3, Fig. 5a and 
6b). Three salt bridges are formed by a histidine paired with a negatively-charged amino 
acid (H136-E284, H210-D295 and H186-D295). This suggests that this interaction 
could be pH-regulated, since histidine side chains are only positively charged at lower 
pH values due to pKa values of their sidechains of approximately 5.5-7.0, depending on 
the local chemical environment35,36. Apart from the ten direct hydrogen bonds, several 
indirect ones are formed via ordered water molecules at the interface. As was previously 
shown by others30, the concave surface of the NgR LRR is also evolutionarily conserved 
compared to the convex surface (Fig. 5c).
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NgRa-1 NgRa-2 NgRa-3 NgRa-4 NgRa-5 NgRb-1 NgRb-2 NgRb-3

Data collection

Space group C2 P21 P212121 P41 P41212 C2 P21 P212121

Cell dimensions

     a, b, c (Å) 151.6, 46.6,  
120.7

72.91, 38.6,  
119.6

46.6, 112.1,  
115.1

90.6, 90.6,  
45.6

168.5, 
168.5,  
256.2

153.2, 46.9,  
121.8

132.1, 
46.3, 132.2

46.7, 
111.6, 
114.8

    α, β, γ (°)
90.0, 

123.45,  
90.0

90.0, 106.2,  
90.0

90.0, 90.0,  
90.0

90.0, 90.0,  
90.0

90.0, 90.0,  
90.0

90.0, 
123.65,  

90.0

90.0, 91.9, 
90.0

90.0, 90.0, 
90.0

Resolution (Å) 43.78-2.30  
(2.39-2.30)

38.60-2.51  
(2.62-2.51)

56.03-1.90  
(1.94-1.90)

90.63-2.50  
(2.61-2.50)

70.39-2.20  
(2.24-2.20)

44.08-1.92  
(1.97-1.92)

45.94-2.40 
(2.46-2.40)

46.73-2.50 
(2.64-2.50)

No. reflections 31309 20826 48250 13084 185934 54406 60282 21264

Rsym or Rmerge

0.131 
(0.724)

0.099 
(0.561)

0.129 
(1.054)

0.066 
(0.912)

0.131 
(0.956)

0.086 
(1.390)

0.137 
(1.044)

0.213 
(0.811)

Mean I / σI 5.9 (1.5) 12.2 (3.3) 6.0 (1.5) 13.2 (2.4) 11.4 (2.2) 7.7 (0.6) 5.3 (0.7) 3.8 (1.4)

CC1/2

0.936 
(0.546)

0.992 
(0.564)

0.994 
(0.503)

0.998 
(0.704)

0.998 
(0.667)

0.998 
(0.413)

0.991 
(0.270)

0.981 
(0.663)

Completeness 
(%) 98.7 (98.6) 94.6 (89.6) 99.7 (99.8) 100.0 

(100.0)
100.0 

(100.0) 98.6 (88.8) 95.1 (97.2) 98.8 (99.8)

Redundancy 3.7 (3.6) 2.8 (2.6) 4.6 (4.7) 7.4 (7.6) 8.5 (8.7) 3.5 (3.3) 2.6 (2.4) 3.4 (3.7)

Refinement

Maximum 
Resolution (Å) 2.3 2.5 1.9 2.5 2.2 1.9 2.4 2.5

Rwork / Rfree

0.179 / 
0.234

0.196 / 
0.254

0.179 / 
0.222

0.207 / 
0.245

0.167 / 
0.207

0.179 / 
0.212

0.212 / 
0.266

0.254 / 
0.299

No. atoms 4942 4751 5397 2572 21913 4960 9660 4597

Average 
B-factors (Å2)

    Protein 36.9 52.8 32.6 100.3 39.7 44.7 49.6 50.0

    Ligand/ion 64.2 / 93.1 N.A. / 80.4 N.A. N.A. / 
131.0 73.8 / 53.6 92.6 / 179.1 81.3 / 

105.2 57.5 / 41.0

    Water 38.4 36.4 38.5 77.9 41.0 48.3 43.0 41.0

R.m.s. deviations

Bond lengths (Å) 0.002 0.002 0.003 0.003 0.004 0.006 0.002 0.002

Bond angles (°) 0.650 0.650 0.869 0.658 0.850 0.949 0.647 0.657

Molprobity 
score 1.35 1.64 0.84 1.64 1.76 1.20 1.53 1.90

Table 1: Data collection and refinement statistics Table 2: Comparison of crystallization conditions
Crystal form
equivalent to Interface 1 Crystallization 

Temp. (°C) Deglycosylated? Monomers/AU pH

NgRa-1 NgRb-1 Y 18 Y 2 5

NgRa-2 4 Y 2 4

NgRa-3 NgRb-3 Y 18 Y 2 5

NgRa-4 18 glycosylated 1 6.5

NgRa-5 4 Y 8 4.5

NgRb-1 NgRa-1 Y 4 Y 2 5

NgRb-2 Y 18 Y 4 5

NgRb-3 NgRa-3 Y 18 Y 2 5

Table 3: Comparison of relevant crystal packing interfaces.
Interface 1 (Fig. 5) NgRa-2 (Fig. 7b) 1OZN (Fig. 6a and b)

Surface areas (Å2): 750 660 860

pH of crystallization condition: 5 4 6.5

predicted ΔG (kcal mol-1)37: -9.8 -8.2 -7.5

Interface contacts: D111-R300 R300-D163 R131-D114

D114-R296 R256-D259 D176-R189

H136-E284 R206-E284 H202-D259

D138-R296 H186-D295 R227-D259

R206-D259 S282*-Q211 R250-E284

H186-D295 Y254-D259 T243-Q291

H210-D295 Y232-D259 GlcNAc2 on N82-Q46

Y34-R279 R139-Q291

Q45-Q276

R61-R279*

R61-G280*

R61-S281

H65-Q276

Q109-R300
Q162-A294*

H186-A294*

Q211-Q291

Y160-E284

*hydrogen bond to backbone carbonyl. Coloring: blue are salt bridges, green is π-π interaction and 
yellow are hydrogen bonds
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Figure 4: Arrays of NgR molecules in different NgRa and NgRb crystal forms via interface 1 can only 
form with deglycosylated protein.
Arrays of NgR molecules are formed around a 21 screw axis in the NgRa-1, NgRa-3, NgRb-1, NgRb-2 and 
NgRb-3 crystal forms (shown is NgRb-1). NgR molecules are shown in cartoon representation in the 
top panels and in surface representation in the bottom panels. These arrays can only form with Endo-
Hf-deglycosylated material, because the N-linked glycans on N82 and N179 of NgR molecule n would 
clash with molecule n+2 and the N-linked glycan of N237 would clash with molecule n-2. Dimerization 
of NgR via the same interface (n with n+1) however is not perturbed by these N-linked glycosylation 
sites.

Figure 5: Analysis of interface 1
(a) Close up view of interface 1. Salt bridges are indicated by black dashed lines, direct hydrogen bonds 
by yellow dashed lines and the π-π interaction between R279 and Y34 by a green rectangle. Residues 
at the interface are shown in stick representation and those involved in intermolecular interactions 
are additionally labeled, other residues at the interface are also shown as sticks. Red spheres 
represent ordered solvent molecules near the interface. (b) Same representation as (a), comparing 
the independent crystal forms of NgRb-1, NgRb-2 and NgRa-3 that share this interface. These crystal 
forms have highly similar orientations of the amino acid sidechains involved in the formation of this 
interface. (c) Footprints of the interface (left panel, coloring as in (a)) and evolutionary conservation of 
the surface residues (right panels, purple is more conserved, cyan is less conserved).
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Other crystallographic interfaces observed for NgR are less extensive.
Some other crystal forms also have substantial packing interfaces (table 3). Both 
previously published structures (1OZN and 1P8T) have interfaces with surface areas 
of >750 Å2. The 1OZN structure has extended crystal packing interfaces on the sides 
of the LRR domains that would result in parallel arrays (Fig. 6a). This interface has 
a surface area of 860 Å2 and is stabilized by five salt bridges and two direct hydrogen 
bonds. The N-linked glycans on N82 and N179 also contribute to this interface (Fig. 
6a). However, these side faces of the LRR are evolutionarily not as conserved (Fig. 6b), 
compared to the concave surface of the LRR (Fig. 5c). In the paper describing 1OZN, 
another interface is suggested for NgR self-interaction30. However, this interface would 
not be possible for NgR with its native disulfide structure because of steric hindrance 
(Fig. 6c). In the 1P8T structure15MAG and OMgp limit axonal regeneration after injury 
of the spinal cord and brain. These cell-surface proteins signal through multi-subunit 
neuronal receptors that contain a common ligand-binding glycosylphosphatidylinositol-
anchored subunit termed the Nogo-66 receptor (NgR the biggest interface has a surface 
area of 790 Å2 and is stabilized by one salt bridge and five direct hydrogen bonds, as 
well as some hydrophobic contacts (Fig. 7a). This interface is formed by the bottom side 
of the C-terminal LRR cap of one molecule of NgR binding to the N-terminal LRR 
capping domain and 5 LRRs of another NgR molecule. However, this interface relies on 
interactions of the artificial disulfide C266-C309 and C-terminus and is thus not likely 
to be formed for full-length NgR (Fig. 7a). 
The NgRa-2 crystal form also has a significant unique interface between two NgR 
monomers in the asymmetric unit oriented in asymmetric antiparallel fashion (Fig. 
7b). This hydrophilic interface has a surface area of 660 Å2 and is stabilized by four 
intermolecular salt bridges and four hydrogen bonds. It involves the evolutionarily 
conserved concave surface of NgR and is also stabilized by a salt bridge between a 
histidine (H186) and an aspartate (D295) (Fig. 7b). The NgRa-2 crystal was grown at 
the lowest pH condition compared to the other crystal forms (pH 4.0, see table 2). All 
other interfaces were too small or improbable to consider and will not be discussed here.

Figure 6: Analysis of interfaces for 1OZN
(a) Close up view of the linear array-forming interface in 1OZN30, same representation as in Fig. 5. 
N-linked glycans on N82 and N179 are shown as sticks. (b) Footprints of the interface (top panels, 
coloring as in (a)) and evolutionary conservation of the surface residues (right panels, purple is more 
conserved, cyan is less conserved). (c) The interface in 1OZN (orange and teal) that was suggested in 
the accompanying paper to represent the self-interaction of NgR30 cannot be formed if NgR has the 
correct disulfide pattern because of steric hindrance. The structure of NgRa-5 chain B is overlaid in 
green to indicate the clashes.
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Figure 7: Other crystal packing interfaces that might account for NgR self-interaction
(a) The largest interface in 1P8T15, same representation as in Fig. 5. This interface appears to be 
mostly hydrophobic and is stabilized by the artificial disulfide C266-C309 and C-terminus.(b) View 
of the interface between two monomers in the asymmetric unit of the NgRa-2 crystal form, same 
representation as Fig. 5, green spheres represent chloride ions. These crystals appeared in a condition 
buffered at pH 4.

Discussion

Our structures indicate that the overall structure of the NgR LRR and the C-terminal 
cap is not altered by the artificial disulfide structure present in the previously-published 
NgR structures15,30 (Fig. 3a). An extra C-terminal loop is formed by the disulfides 
C266-C335 and C309-C336. This C-terminal loop appears flexible in the absence of 
any stabilizing interactions. We could model (part of ) this loop in two independent 
crystal forms, which reveals a similar yet flexible structure (Fig. 3b). The structure of the 
C-terminal loop in these two crystal forms deviates from a previously-proposed model, 
which was based on the discovery of the alternative disulfide structure in the C-terminal 
LRR capping domain as a result of truncation19. This loop is not required for MAI 
ligand binding11,13–18 but previous work shows it contributes to the interaction with the 
co-receptors p75 and TROY27. Structures of NgR-p75 or NgR-TROY complexes are 
required to determine if the C-terminal loop indeed adopts a defined structure when 
interacting with these co-receptors.

To investigate the structural basis of the previously-described NgR self-interaction14,15,32, 
we compared crystallographic interfaces in six new unique crystal forms of NgRa 
and NgRb, as well as those of the two previously-published structures (1P8T15 and 
1OZN30). We identify extensive interfaces in the NgRa and NgRb structures, most 
notably interface 1 found in five of our structures (NgRa-1, NgRa-3, NgRb-1, NgRb-2 
and NgRb-3) and three independent crystal forms (space groups C2, P21 and P212121). 
This interface has more inter-protein salt bridges (seven) and hydrogen bonds (ten) than 
any of the other interfaces and is predicted by the PRODIGY server37 to be the most 
energetically favorable (table 3). Moreover, it is the only interface found in more than one 
crystallization condition (five out of ten total, eight described here and two previously-
published15,30). Several other interfaces have larger surface areas, but are not stabilized by 
as many contacts (table 3). Some of these can only be formed for NgR constructs with 
the artificial disulfide pattern in the C-terminal cap (interfaces in 1OZN and 1P8T, 
see fig. 6c and 7a, respectively). The remaining candidate interfaces have fewer inter-
protein salt bridges and hydrogen bonds while not being hydrophobic either (the other 
interface in 1OZN and the NgRa-2 interface, see table 3), are formed via non-conserved 
interfaces (interface in 1OZN, see fig. 6b) or are formed at pH 4 (interface in NgRa-
2). Although eight independent crystal forms for NgR are now available, there is still a 
possibility that the previously-demonstrated NgR self-interaction14,15,32 is not represented 
in any of these crystal forms. However, this is unlikely as NgR was crystallized at high 
concentrations of 250-350 µM. Therefore, we argue that the interaction via interface 1 
most likely represents the previously reported NgR self-interaction14,15,32. The flexible 
glycosylated stalk of NgR should allow two NgR LRRs to interact in this fashion on a 
cell surface in cis14.
Interestingly, NgR self-association via interface 1 might be pH-controlled, as multiple 
intermolecular salt bridges are formed between sidechains of pH-sensitive histidine 
residues35,36 and negatively-charged amino acids (aspartate and glutamate) (see table 3). 
Moreover, these crystals all appeared at pH 5 (see table 2), indicating that this interface 
is likely more stable at lower pH. Possibly, this could play a role during trafficking of 
NgR through the secretory pathway or upon internalization, as low pH values occur 
in both secretory and endosomal compartments38. Ligand-induced internalization has 
been suggested previously29 and could occur upon binding of shed MAI ligands such as 
dMAG39. The two previously-published structures were both crystallized at pH 6.515,30, 
similar to our NgRa-4 crystal form (table 2 and 3). These three crystal forms share no 
crystal packing interfaces and the interfaces that are present appear less extensive and 
less conserved than interface 1, as discussed above. This indicates that the interaction 
interfaces observed in these crystal forms do not likely represent NgR self-interaction on 
the cell surface, in spite of their more neutral crystallization pH.
Interface 1 involves the concave side of one NgR LRR, whereas for the other NgR LRR 



Chapter 3
Nogo Receptor crystal structures with correct disulfide pattern 

suggest a novel mode of self-interaction

C
ha

pt
er

 3

9998

in the dimer this side is still available for interaction with other ligands (Fig. 5a). Previous 
work has shown, by scanning alanine mutagenesis of surface residues, that Nogo66, 
MAG and OMgp most likely bind to the concave side of the NgR LRR40. In addition, 
the presence of glutathione S-transferase (GST)-linked Nogo66 did not strongly affect 
the ability of NgR to self-interact14. Whether or not the NgR self-interaction via interface 
1 is compatible with ligand binding needs further study.
NgR has been shown to preferentially bind to dimeric disulfide-linked p75 in a 
conformation with associating intracellular death domains, which likely represents the 
active MAI signaling state25. These disulfide-linked p75 dimers have been proposed to 
transduce signaling through the membrane via scissoring mechanisms depending on 
extracellular ligand binding23–25. These results suggest dimers of NgR can interact with 
dimeric p75, and depending on the three-dimensional arrangement of their extracellular 
domains, such complexes could transmit different signals through the membrane. 
Perhaps, NgR-p75 complexes can be in both active and inactive conformations, 
depending on the presence of MAI ligand, as suggested previously15. Interestingly, 
inactive and active dimers have been reported for plexins41 and ephRs42, both axon 
guidance receptors that signal via RhoA/ROCK and inhibit CNS regeneration upon 
injury, similar to NgR43–46. Further investigation is required to determine if NgR dimers 
formed via interface 1 represent an active or an inactive signaling state.
If the dimer that forms via interface 1 represents an inactive signaling state, this could 
be a target for pharmacological intervention with small molecule therapeutics. These 
dimers have significant cavities in between the two monomers that could be exploited 
by dimer-stabilizing small molecules that keep NgR in a silent signaling state even in the 
presence of MAIs (Fig. 8). Conversely, if interface 1 represents an active signaling state, 
small molecules could be designed that interfere with the formation of the protein-
protein interaction interface we report. 

Methods

Generation of constructs and mutagenesis
Mouse NgR constructs were generated by polymerase chain reaction (PCR) with the 
cDNA IMAGE 6397765 as a template and primers to start at UNIPROT residue 26 
(after the signal peptide) and end at residue 310 (NgR LRR), 337 (NgRa), 348 (NgRb) 
or 446 (full extracellular domain, no GPI anchor). All constructs were subcloned using 
BamHI/NotI sites in pUPE107.03 (cystatin secretion signal peptide, C-terminal His6-
tag).

Large-scale expression and purification
Constructs were transiently expressed in N-acetylglucoaminyltransferase I-deficient 
(GnTI−) Epstein-Barr virus nuclear antigen I (EBNA1)-expressing HEK293 cells 
in suspension (U-Protein Express). DNA titration by dilution with non-expressing 
PCR4 DNA was used to boost expression levels, similar to a previously-described 
approach47. DNA was diluted 25× (NgRa), 100× (NgRb), 5× (NgRb D111R) or 5× 
(NgRb R300E). The medium was harvested six days after transfection and cells were 
spun down by 10 minutes of centrifugation at 1000× g. Supernatant was concentrated 
fivefold and diafiltered against 500 mM NaCl, 25 mM HEPES pH 7.5 (IMAC A) using 
a Quixstand benchtop system (GE Healthcare) with a 10 kDa molecular weight cut-off 
(MWCO) membrane. Cellular debris was spun down for 10 minutes at 9500× g and 
the supernatant was filtered with a glass fiber prefilter (Minisart, Sartorius). Protein 
was purified by Nickel-nitrilotriacetic acid (Ni-NTA) affinity chromatography followed 
by size exclusion chromatography (SEC) on a Superdex75 Hiload 16/60 column (GE 
Healthcare) equilibrated with SEC buffer (150 mM NaCl, 20 mM HEPES pH 7.5). 
Protein was concentrated to 10-15 mg/mL using a 10 kDa MWCO concentrator before 
plunge freezing in liquid nitrogen and storage at -80 °C.

Crystallization and data collection
For crystallization, glycosylated as well as enzymatically-deglycosylated protein was 
used. Deglycosylation was performed by overnight treatment with Endo-Hf (1.0x106 
U/mL, New England Biolabs, added 1:100 v/v) at 25 °C (NgRa) or 37 °C (NgRb). 

Figure 8: Cavity surface of interface 1
Interface represented as in figure 5a. The cavity formed in between the molecules is indicated by 
a purple surface. If this dimer, formed via interface 1, represents an inactive signaling form, these 
cavities could be exploited to design dimer-stabilizing small molecules to antagonize MAI signaling and 
enhance regeneration upon CNS injury.
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Completeness of deglycosylation was analyzed by SDS-PAGE. Sitting-drop vapor 
diffusion at 4 or 18 °C was used for all crystallization trials, by mixing 150 nL of protein 
solution with 150 nL of reservoir solution. Crystallization was typically performed at 
concentrations of 10-13 mg/mL.
NgRa-1 was the result of a co-crystallization trial with Endo-Hf-deglycosylated mouse 
TROY cysteine-rich domains 1-3 (UNIPROT Q9JLL3, residues 30-152) in SEC buffer, 
mixed at equimolar stoichiometry. NgRa was also Endo-Hf-deglycosylated. Crystals 
grew at 18 °C in a condition of 0.05 M citric acid pH 5.0, 15 % (w/v) PEG6000. 
NgRa-2 was the result of a co-crystallization trial with the Endo-Hf-deglycosylated 
extracellular domain of mouse MAG (UNIPROT P20917, residues 20-508) in SEC 
buffer, mixed at equimolar stoichiometry. NgRa was also Endo-Hf-deglycosylated. 
Crystals grew at 4 °C in a condition of 0.5 M LiCl, 0.05 M citric acid pH 4.0, 15 % 
(w/v) PEG6000. 
NgRa-3 crystals grew at 18 °C in a condition of 0.05 M MIB buffer (2:3:3 molar 
ratio of sodium malonate:imidazole:boric acid) pH 5.0, 12.5 % (w/v) PEG1500. NgRa 
was Endo-Hf-deglycosylated for NgRa-3. The NgRa-3 crystal was soaked with 10 mM 
N-acetyl-neuraminic acid prior to cryo-protection and freezing.
NgRa-4 was the result of a co-crystallization trial with mouse Nogo54, an extracellular 
construct derived from the NgR ligand Nogo-A (UNIPROT Q99P72, residues 1025-
1078). Nogo54 was purified in 150 mM NaCl, 20 mM HEPES pH 7.0 at a concentration 
of 3.3 mg/mL and mixed in a 1:1 molar ratio with Endo-Hf-deglycosylated NgRa at a 
concentration of 10 mg/mL. Crystals grew at 18 °C in a condition of 0.2 M ammonium 
sulfate, 0.1 M Bis-Tris pH 6.5, 25% (w/v) PEG3350. 
NgRa-5 crystals grew at 4 °C in a condition of 2.5 M NaCl, 100 mM NaOAc/AcOH 
pH 4.5, 200 mM Li2SO4. NgRa was Endo-Hf-deglycosylated for NgRa-5. 
NgRb-1 crystals grew at 4 °C in a condition of 0.05 M citric acid, 0.05 M Bis-Tris propane 
pH 5.0, 16 % (w/v) PEG3350. NgRb was Endo-Hf-deglycosylated for NgRb-1.
 NgRb-2 crystals grew at 18 °C in a condition of 0.2 M NaH2PO4 pH 5, 20 % (w/v) 
PEG3350. NgRb was Endo-Hf-deglycosylated for NgRb-2. 
NgRb-3 crystals grew at 18 °C in a condition of 1.8 M NaH2PO4/K2HPO4 pH 5.0. 
NgRb was Endo-Hf-deglycosylated for NgRb-2.
Crystals were cryo-protected with reservoir solution supplemented with 25 % glycerol 
before plunge-freezing in liquid nitrogen. All data were collected at 100 K at the following 
beamlines: European Synchrotron Radiation Facility (ESRF) ID23-1 (NgRa-1, NgRa-4, 
NgRb-1, NgRb-3), ID23-2 (NgRb-2) and ID29 (NgRa-2) and Swiss Light Source (SLS) 
PX (NgRa-3 and NgRa-5).

Structure solution and refinement
All structures were solved by molecular replacement with PHASER48 using the 
1OZN structure as a search model30. Structures were modeled by cycles of model 
building in COOT49 and refinement by Refmac50 and phenix.refine51. Eight-fold 
non-crystallographic symmetry map averaging was used in COOT49 to obtain 
better electron density maps for the C-terminal loop of the NgRa-5 crystal form. 
Ramachandran statistics were (% Ramachandran favored / % allowed / % outliers): 95/5/0 
(NgRa-1), 93.5/6.3/0.2 (NgRa-2), 95.7/4.3/0 (NgRa-3), 92.8/6.2/0 (NgRa-4), 95.4/4.6/0 
(NgRa-5), 95.5/4.5/0 (NgRb-1), 93.9/6.1/0 (NgRb-2), 93.8/6.2/0 (NgRb-3).

Structure analysis
Surface areas were calculated by the PISA server52. Evolutionary conservation of surface 
residues was performed using the Consurf server53. Binding affinities were predicted by 
the PRODIGY server37. All protein structures were visualized using Pymol54.
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Abstract

Olfactomedin-1 (Olfm1; also known as noelin, pancortin) is a member of the 
olfactomedin domain-containing superfamily and a highly expressed neuronal 
glycoprotein important for nervous system development. It binds a number of 
secreted proteins and cell-surface bound receptors to induce cell signaling processes. 
Using a combined approach of X-ray crystallography, solution scattering, analytical 
ultracentrifugation and electron microscopy we determine that full-length Olfm1 
forms disulfide-linked tetramers with a distinctive V-shaped architecture. The base 
of the “V” is formed by two disulfide-linked dimeric N-terminal domains. Each 
of the two V-legs consists of a parallel dimeric disulfide-linked coiled coil with at 
the tips a C-terminal β-propeller dimer. This agrees with our crystal structure of a 
C-terminal coiled-coil segment and β-propeller combination (Olfm1coil-Olf), which 
reveals a disulfide-linked dimeric arrangement with the β-propeller top faces in 
an outward exposed orientation. Similar to its family member myocilin, Olfm1 is 
stabilized by calcium. The dimer-of-dimers architecture suggests a role for Olfm1 
in clustering receptors to regulate signaling and informs on the conformation of 
several other olfactomedin domain family members.

Introduction

Olfm1 is a secreted oligomerized glycoprotein highly expressed in the developing 
and adult nervous system1. It is involved in signaling processes that regulate neuronal 
development. It has been shown to stimulate neurogenesis and influences the timing 
of neuronal differentiation in several vertebrates2,3. Olfm1 also modulates cortical cell 
migration and neural crest formation4,5 and Olfm1 has been recognized as a regulator 
of axon growth and elongation6,7. More recently, aberrant Olfm1 function was also 
linked to mouse behavioral abnormalities8. These results suggest Olfm1 is an important 
signaling protein in the developing and adult nervous system.
It is not known how Olfm1 regulates these processes but it has been shown that Olfm1 
interacts with a number of proteins that are implicated in these neuronal signaling 
processes. Olfm1 binds to secreted Wnt Inhibitory Factor 1 (WIF-1), receptors Nogo 
Receptor (NgR) and Amyloid Precursor Protein (APP) and neuronal cation channel 
proteins GluR2 AMPA receptor and Cav2.1 voltage-gated calcium channel. These 
proteins are part of several signaling pathways and interfering with these interactions, 
by mutation, overexpression or knockdown of Olfm1, leads to neuronal developmental 
defects4,6,7. Mutation of Olfm1 disrupts interactions with the AMPA receptor and 
Cav2.1 channel and increases intracellular calcium levels. This results in a multitude of 
signaling malfunctions, culminating in brain dystrophy and behavioral changes8. How 
Olfm1 interacts with this diverse set of proteins and how this leads to signaling events 
that control neuronal developments is not clear. 
Olfm1 is a member of the olfactomedin superfamily, of which the conserved olfactomedin 
domain is a defining feature9,10. Other well-known members are the Olfm1 paralogs 
Olfm2, Olfm3, Olfm4 (56%, 67% and 22% sequence identity respectively), gliomedin, 
myocilin and latrophilin1, -2 and -3. These proteins have been shown to bind to ligands 
on the cell surface. The olfactomedin domain is often implicated in interaction with 
ligands and many members are believed to be oligomerized. The four Olfms paralogs 
and myocilin are oligomerized through coiled-coil domains whereas gliomedin is 
oligomerized through a collagen-like domain. Oligomerization of these molecules is 
important for function10 and Olfm1 can form complexes with Olfm2 and Olfm311,12. 
However, it is not clear how Olfm1 or the paralog (Olfm2, 3 and 4) oligomers are 
structurally arranged.
As a result of alternative splicing, four isoforms of Olfm1 are differentially expressed 
during development (Fig. 1a)13. All 4 isoforms of Olfm1 are known to be present in the 
ER as well as being secreted, in spite of isoforms 1 and 3 having a C-terminal -RSDEL 
quasi-ER-retention motif3,4. The most complete isoform of Olfm1, isoform 1 (also called 
BMX), is most similar to the other Olfm paralogs. This isoform comprises a disulfide-
containing C-terminal olfactomedin domain, which has recently been shown to be a 
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five-bladed β-propeller in myocilin, gliomedin and latrophilin314–16. The olfactomedin 
domain is preceded by a conserved cysteine and a 132-residues-long coiled-coil domain. 
N-terminal of the coiled-coil domain is a 77 residue large region that contains three 
conserved cysteines in a C-X-C-X9-C arrangement. The first two cysteines (Cys73 and 
Cys75) have been found to be essential for Olfm1 oligomerization17. In isoform 2 and 4, 
the C-terminal β-propeller domain and a large part of the coiled coil are absent, whereas 
isoform 3 and 4 have an alternative signal sequence and lack the first 35 amino acids of 
mature Olfm1 (Fig. 1a). Thus, essentially isoform 1 represents the full mature Olfm1 
protein whereas the other three isoforms are lacking regions at the termini. 
The structure of Olfm1 and its paralogs is not known. It is not clear how the domains are 
arranged, which interactions mediate oligomerization nor whether it adopts a defined 
quaternary structure. Olfm1 interacts with a diverse set of proteins for its signaling 
functions, but how it performs these various roles is unknown. Lack of structural data 
has hampered progress in the field. In this study we determine the structure of the 
olfactomedin domain of Olfm1 and the quaternary arrangement and architecture of 
the full-length protein, using a combined approach of X-ray crystallography, electron 
microscopy and biophysical characterization.

Results

Olfm1 forms disulfide-linked homotetramers
Recombinantly expressed Olfm1 lacking the C-terminal ER-retention signal was purified 
from HEK293 supernatant for structural studies. Size exclusion chromatography as part 
of the purification strategy suggested a defined oligomeric assembly larger than a trimer. 
Analysis by reducing and non-reducing SDS-PAGE showed that this oligomer was 
disulfide-linked, as seen by others17,18 (Fig. 1b). 
The oligomeric assembly was independently shown to be tetrameric by size-exclusion 
chromatography coupled to multi-angle light scattering (SEC-MALS), analytical 
ultracentrifugation (AUC) sedimentation velocity and SAXS (Fig. 1c-f ). In SEC-MALS, 
a mass of approximately 260 kDa was determined from the light scattering signal (Fig. 
1c). This correlates well with the theoretical mass of 256 kDa for a fully glycosylated 
tetrameric Olfm1 (without any glycans the mass of a tetramer would be 217 kDa). In 
AUC, the tetramer had a sedimentation coefficient of 7.67 S and a frictional ratio f/fo of 
1.98, indicating an extended shape and corresponding to a molecular mass of 242 kDa 
(Fig. 1d). Further confirmation of a concentration-independent tetramer came from 
SAXS (Fig. 1e, table 1); the molecular weight estimated from the I0 value of the Guinier 
plot of 249 kDa indicated a tetramer (Fig. 1f ). The presence of monomers, dimers or 
higher oligomeric species was not observed in any of these experiments. 

To show that the sole presence of Olfm1 tetramers was not an artifact of purification, 
Western blot with α-His antibody was performed directly on the expression medium. 
This confirmed the presence of a disulfide-linked tetramer, yet showed no bands for 
other disulfide-linked oligomers (Fig. 1b).

Figure 1. Olfm1 forms disulfide-linked tetramers. 
(a) Isoforms and domains of Olfm1. In this study isoform 1 was used. Cysteines are shown as vertical 
black lines. (b) Non-reducing SDS-PAGE (Coomassie-stained purified protein, left and Western-blotted 
expression medium, right) shows a shift to >250 kDa, whereas reducing SDS-PAGE shows Olfm1 
running at the expected height of 64 kDa for a (fully glycosylated) monomer. (c) SEC-MALS shows a 
mass of approximately 260 kDa for the Olfm1 peak, which elutes before conalbumin (78 kDa). The 
plotted UV signal was recorded at 280 nm. (d) AUC sedimentation velocity experiments give a mass 
of 242 kDa, a sedimentation coefficient of 7.67 S and a frictional ratio of 1.98 (RMSD= 0.005). E. SAXS 
log I(s) vs. s plot of Olfm1 at 3.55 mg/mL. F. Guinier plot from SAXS curve agrees with a tetramer (I0 = 
249, Rg = 8.5 nm).
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Crystal structure of a covalent dimeric Olfm1coil-Olf

Crystallization attempts of the full-length protein yielded no crystals, so we employed 
limited proteolysis by α-chymotrypsin as a crystallization aid to remove unstructured 
regions. This yielded diffraction-quality crystals and a dataset to 2.4 Å resolution (see 
Table 2). Crystal structures of the olfactomedin domain of gliomedin 14 allowed us to 
do molecular replacement. 
The structure revealed a disulfide-linked dimer of β-propellers in the asymmetric unit, 
related by a pseudo-twofold rotation of 178° (Fig. 2a). As expected, each β-propeller 
corresponds to a C-terminal olfactomedin domain. In addition to the β-propellers, a 
segment of the coiled-coil domain (residues Val211 to Leu225) was visible in the electron 
density (Fig. 2b). Cys221 in this coiled-coil segment forms an interprotein disulfide, 
covalently linking the two β-propellers. The coiled coil is predicted to be longer (Fig. 
3) but we do not observe additional residues N-terminal of Val211. Most likely, the 
segment of coiled coil absent from the crystals was hydrolyzed by α-chymotrypsin prior 
to crystallization. The Val211-Leu225 segment appears to be inaccessible for proteolysis 
due to steric hindrance by the two β-propellers. The dimer contacts are exclusively 
formed by the coiled coils; the two β-propellers are not contacting each other directly. 
Cys227, the first residue of the β-propeller, forms an intraprotein disulfide with Cys409 
as predicted15; this disulfide bond appears to close the β-propeller fold and lock it in a 
fixed orientation with respect to the coiled coil (Fig. 2a and 2b). The β-propeller is tilted 
with respect to the coiled coil with an angle of 30° between the β-propeller plane and 
the coiled coil axis. Hence, the two β-propellers in the covalent dimer have a 60° angle 
between each other resulting in an exposed outward orientation of the β-propeller top 
faces. 

The Olfm1 β-propeller
The olfactomedin domain of Olfm1 forms a five-bladed β-propeller similar in structure 
to the recently solved olfactomedin domains of gliomedin, myocilin and latrophilin314–16. 
Each of the five blades in Olfm1 consists of four β strands. The N-terminal segment of 
the β-propeller (Lys229-Thr241) forms a β strand that completes the fifth β-propeller 

Table 1. SAXS parameters 
I0 (normalized and referenced) 249
Rg from Guinier plot (nm) 8.5
Rg from P(r) (nm) 8.8
Dmax from P(r) (nm) 30
Vporod (nm3) 616
Protein concentration (mg/mL) 3.55
SASBDB accession code SASDAS7

Table 2. Crystallographic data collection and refinement
Olfm1coil-Olf

Data collection

Space group C2
Cell dimensions
    a, b, c (Å) 160.2, 43.94, 104.1
    α, β, γ (°) 90, 114.2, 90
Resolution (Å) 50.3-2.4 (2.5-2.4)
No. of reflections 26050
Rmerge 0.096 (0.936)
Mean I/σI 7.7 (1.2)
Completeness (%) 98.9 (99.4)
Redundancy 3.4 (3.5)
CC1/2 0.996 (0.489)
Refinement
Resolution (Å) 2.4
Rwork/Rfree 0.241/0.258
No. of atoms 4304
Average B-factor (Å2)
    Protein 69.3
    Ligand 92.7
    Water 51.2
R.M.S. deviations
    Bond lengths (Å) 0.005
    Bond angles (°) 0.884
Molprobity score 1.84

Highest resolution shell is shown in parentheses.

and closes the β-propeller fold (in addition to the intramolecular disulfide bond Cys227-
Cys409; Fig. 2a, 2b and 2c). The two β-propellers in the dimer are very similar in 
structure (rmsd of 0.4 Å and 0.9 Å over all Cα’s and all atoms, respectively) with largest 
differences in the N- and C-termini. 
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Figure 2. Structural characterization of a limited proteolysis fragment of Olfm1
(a) Structure of the Olfm1coil-Olf dimer. The inter- and intraprotein disulfides (shown as spheres) link the 
two monomers together and lock the β-propellers to the coiled coil, respectively. (b) Close-up view 
of the coiled coil and disulfides of the Olfm1coil-Olf dimer, showing the hydrophobic side chains in the 
coiled coil as sticks. The 2Fo-Fc electron density map was plotted at 1.2 σ. (c) View down the top face 
of a single β-propeller shows five blades, which are numbered accordingly. (d) The structure of the 
olfactomedin domain of gliomedin (Gldn; red) is very similar to the olfactomedin domain of Olfm1 
(teal, rmsd of 1.3 Å over 226 aligned Cα’s). 

We compared the olfactomedin domain of Olfm1 to that of gliomedin14 and 
latrophilin316 (PDB codes 4D77 and 5AFB, respectively). The three olfactomedin 
domain structures are very similar to each other with an rmsd of 1.3 Å for gliomedin 
and 1.1 Å for latrophilin3 over 226 aligned Cα’s (Fig. 2d and 5a). These scores are 
also reflected in the respective sequence identities of 32 and 42% for the olfactomedin 
domain. Largest differences are apparent in three loops at the top face of the β-propeller 
(within and between blades 3, 4 and 5) and in one loop in blade 1 at the β-propeller 
bottom face that interfaces with the coiled coil in Olfm1.

Most likely, all of the five predicted N-linked glycosylation sites in the β-propeller 
(Asn288, -307, -394, -431 and -473) are glycosylated as we observed at least some 
density for the five glycans in one of the two β-propellers. Remarkably, all glycosylation 
sites are located at either the side or the bottom of the β-propellers, whereas the top faces 
are free from glycans and completely exposed (Fig. 4a). Furthermore, the top face of the 
β-propellers is evolutionarily more conserved than the sides or the bottom (Fig. 4b). 
These observations, together with an exposed outward orientation, suggest a role for the 
β-propeller top face in ligand binding. 

Figure 3. Analysis of the hydrophobic heptad-repeat pattern in the coiled-coil domain of Olfm1. 
The full amino acid sequence of mouse Olfm1 is shown. Hydrophobic heptad repeat residues have 
been indicated, based on the register of coiled coil residues 210 to 225, which were observed in the 
crystal structure. Also indicated are possible disturbances from an ideal coiled coil, such as frameshifts, 
hydrophilic residues on heptad repeat positions and prolines in the coiled coil.
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Figure 4. The top face of the Olfm1 β-propeller could be important for receptor binding.
(a) Olfm1coil-Olf dimer with modeled full glycans (red) and longer coiled coils shows that all glycans 
are localized to the side and bottom face of the β-propeller, whereas the top face is accessible. (b) 
Conservation plot indicates that the top face of the β-propeller has a higher degree of sequence 
conservation than the sides, suggesting this interface might be important for ligand binding. 
Conservation scores were calculated with an alignment of 35 vertebrate Olfm1 orthologs using 
Consurf42. 

Figure 5. Calcium stabilizes the Olfm1 β-propeller
(a) Comparison of the calcium-binding olfactomedin domain of latrophilin3 (Lphn3; orange) and 
Olfm1 (teal). Likely, Olfm1 can also accommodate a calcium ion at the center of the β-propeller. The 
latrophilin3-coordinated calcium ion (green) and neighboring sodium ion (purple) are shown. (b) TSA 
shows a pronounced stabilizing effect of Olfm1 by calcium, shifting the melting temperature 8 °C 
higher, whereas EDTA destabilizes Olfm1 (shift to 10.5 °C lower). Buffer indicates TSA buffer without 
calcium or EDTA added.

Calcium stabilizes Olfm1
A cation binding site is present in the center of the olfactomedin domain β-propeller of 
gliomedin14 myocilin15, and latrophilin316. In myocilin and latrophilin3 a calcium and 
sodium ion are located next to each other in this site whereas in gliomedin one sodium ion 
is present. The Olfm1 cation binding site resembles that of myocilin and latrophilin3; two 
of the three cation coordinating sidechains are identical in the three proteins (Asp356 and 
Asp453, Olfm1 residue numbering) and one, Glu404, is replaced by Asn in myocilin and 
latrophilin3 (Fig. 5a). We observed a positive 5σ peak at this site in the Fo-Fc difference 
electron density map after initial refinement, but cannot confidently place a calcium ion 
here even at lowered occupancies. Thermal denaturation assays showed that excess calcium 
stabilized the protein at concentrations as low as 1 mM, whereas EDTA destabilized it 
(Fig. 5b). Based on cation binding site similarity to myocilin and latrophilin3 and our 
observation that calcium stabilizes Olfm1, we hypothesize that Olfm1 also has a calcium 
binding site located at this site in the center of the β-propeller. 
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The Olfm1 tetramer is arranged as a V-shaped dimer of dimers
Analysis of the full-length Olfm1 tetramer in solution by SAXS and by negative stain 
ET indicates that Olfm1 has a V-shaped architecture. The SAXS data show that Olfm1 
has a rather rigid structure, as the Kratky plot has low values at higher scattering angles19 
(Fig. 6a). The pair distance distribution function P(r) remarkably shows two maxima at 
5 and 14 nm (Fig. 6b and 6d), indicative of a dumbbell-like shape. Ab initio modeling 
by DAMMIF20 with imposed two-fold rotational symmetry suggested a V-shaped 
arrangement (Fig. 6c and 6d). Likewise, ET analysis revealed a V-shaped architecture 
with varying angles between the legs. A bilobal shape is observed at the base of the V 
in the tomograms, which is likely formed by the N-terminal tetramerization region 
(Fig. 6e). This suggests that this region forms a folded domain, which we refer to as the 
N-terminal tetramerization (NTT) domain.
In the DAMMIF bead model, the two tips of the V are separated by 21 nm, whereas 
in the ET maps this distance varies from 13 to 28 nm. The Dmax from SAXS indicates 
a maximum distance of 30 nm in the Olfm1 tetramer, correlating with the maximum 
distance from the ET data of approximately 32 nm. Thus, we observed a V-shaped 
architecture for the full-length Olfm1 tetramer both in SAXS and ET experiments with 
similar dimensions for the tetramer between the two techniques (Fig. 6). 
The V shape of Olfm1 agrees well with our crystal structure of the dimeric Olfm1coil-Olf 
and with our data on tetramerization of Olfm1. The two tips of the V legs each appear 
as a bulky feature in both the SAXS and ET data and are readily identifiable as one 
β-propeller dimer each. The V legs are both formed by a coiled-coil dimer whereas the 
base of the V is formed by four copies of the NTT domain (Fig. 6f ). This tetramer 
of NTT domains is arranged in a bilobal shape and harbors cysteines Cys73 and 
Cys75, shown previously to be essential for oligomerization17. It is noteworthy that we 
constructed this model with a dimeric β-propeller at the tips of the V-shape before we 
solved the crystal structure. The dimeric Olfm1coil-Olf structure essentially validated this 
model. 

Figure 6. The full-length Olfm1 tetramer has a V-shaped architecture. 
(a) The Kratky plot shows no signs of large unstructured regions19. (b) The SAXS pair distance distribution 
function P(r) indicates a dumbbell-like shape. (c) Ab initio modeling by DAMMIF with imposed twofold 
rotational symmetry reveals a V-shaped architecture. A single (non-averaged) DAMMIF model is 
shown that is representative of the average structure generated from 50 models without applying 
twofold symmetry. (d) Fit from the P(r) and the DAMMIF ab initio modeling (χ2=4.313). (e) ET shows 
V-shapes with varying angles between the legs. The dimensions of the coiled coil and the double 
β-propeller from the crystal structure fit those of the ET densities. Top panels: central slice through 
the tomograms showing the V-shapes. Middle panels: fit of two double β-propellers with modeled 
coiled-coil domains in the ET density. Bottom panels: same as middle panels but without the ET 
densities. Scale bar indicates 10 nm. (f) Model of the full-length Olfm1 tetramer. Each monomer is 
represented by a different color. In the NTT domains, one of the interprotein disulfides necessary for 
tetramerization is indicated.
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Discussion

Although others have shown that Olfm1 forms covalent oligomers in vivo, the 
stoichiometry of the assembly has not hitherto been reported. We show that Olfm1 
consistently forms stable covalent tetramers and is not further covalently oligomerized 
as was previously suggested by others9,18. Interestingly, myocilin also has a coiled coil 
N-terminal of the olfactomedin domain and others have shown that it forms covalent 
dimers and tetramers21. Similarly, gliomedin has a trimerizing collagen-like helix 
N-terminal of its olfactomedin domain22. It has been shown that Olfm1 co-purifies 
with Olfm2, which also co-purifies with Olfm312. It is not clear whether these strongly 
related paralogs form mixed heterotetramers with a similar arrangement, or whether 
they interact non-covalently. Nonetheless, we show that Olfm1 can form stable 
homotetramers and likely also does so in vivo.
The combination of our ET data, the P(r) and ab-initio modeling by SAXS and the crystal 
structure of the Olfm1coil-Olf dimers agrees with a V-shaped dimer-of-dimers architecture 
for the full-length Olfm1 tetramer. The ET data suggests some flexibility of the two 
legs of the V, which may be caused by two proline residues, found in a P-X-X-P motif 
at Pro163 and Pro166 within the coiled coil. Whilst these do not interrupt the heptad 
repeat pattern of the coiled coil (Fig. 3), it is known that prolines disrupt hydrogen 
bonding within α-helices, allowing a kink in the rod-like coiled coil and affecting the 
overall V-shape of the tetramer. In addition, there may be flexibility in the connection 
between the NTT domains and the coiled coils, that affects the angle between the V 
legs. Cys73 and Cys75, located in the NTT domain, have been shown previously to be 
essential for oligomerization17. The ET data show a bilobal shape at the base of the V, 
suggesting that the NTT domains are also arranged as a dimer-of-dimers. However, the 
detailed structure of the NTT domain and a portion of the coiled coil remain elusive.
Olfm1 has not previously been described as a calcium-binding protein. It has a site 
similar to the myocilin and latrophilin3 calcium binding site consisting of two aspartates 
(Asp356 and Asp453) and a glutamate (Glu404). These residues are the same in Olfm1 
paralogs Olfm2 and Olfm3, whereas Glu404 and Asp453 are both asparagine in Olfm4. 
TSA shows that excess calcium indeed stabilizes Olfm1 whereas EDTA is destabilizing. 
Most likely, Olfm1 contains a calcium binding site as do Olfm2 and Olfm3. Whether 
the calcium is only structurally stabilizing the protein or serves a regulatory purpose 
remains to be determined.
The V-shaped tetrameric conformation we observed for full-length Olfm1 is possibly 
adopted by several other olfactomedin family members. Sequence analysis indicates that 
the features that define this architecture; two or more cysteines near the N-terminus, 
a central coiled coil domain and a C-terminal β-propeller, are also present in Olfm2, 
Olfm3, Olfm4 and myocilin (Fig. 7). In addition, the Olfm1 paralogs (Olfm2, 3 and 4) 

also have a cysteine equivalent to Cys221 in Olfm1 that covalently links the C-terminal 
end of the coiled coil domain and two β-propellers. Myocilin does not have a cysteine in 
this region and, possibly, the β-propellers in myocilin have more flexibility with respect 
to the coiled coil. Taken together, the data suggest that the V-shaped conformation 
with two β-propellers dimers attached to each other via a coiled-coil domain is more 
common within the olfactomedin superfamily.
The striking architecture of Olfm1, encompassing two exposed and substantially 
separated β-propellers dimers with conserved top faces, is likely important for function. 
Olfm1 interacts with a diverse set of proteins, many of which are cell-surface attached 
receptors. Possibly, Olfm1-receptor interactions are mediated by the β-propellers (i.e. 
the olfactomedin domains), although for NgR it has been shown that interaction does 
not rely on the olfactomedin domain6. This way, Olfm1 can engage multiple receptor 
molecules simultaneously and may bring receptors together or induce receptor clustering 
to regulate signaling.
The oligomeric state of many olfactomedin family members has been shown to be 
important for function10. Besides Olfm1-4 and myocilin, that are likely to form tetramers 
with separated β-propellers, also gliomedin has substantially separated β-propellers in 
a trimerized form14. Latrophilin3, on the other hand, is not known to oligomerize and 
lacks a coiled coil or collagen domain. The binding and signaling mode between Olfm1-
4, myocilin and gliomedin is possibly related and as we hypothesize for Olfm1, may 
involve oligomerization or clustering of receptors. 
Olfm1 has been reported to be a binding partner of cation channels such as the AMPA 
receptor complex and the Cav2.1 voltage-gated calcium channel. Moreover, genetic 
deletion of a part of the coiled-coil region leads to elevated calcium concentrations 
in the cytosol as well as developmental and behavioral defects8. Since both the AMPA 
receptor and Olfm1 form homotetramers with a 2×2 arrangement, it is tempting 
to hypothesize that Olfm1 plays a role in AMPA receptor complex stabilization or 
regulation. Alternatively, an Olfm1 tetramer may bind two or even four AMPA receptor 
complexes and play a role in the supramolecular organization of these complexes, by 
providing a scaffold for the formation of larger clusters of AMPA receptors.
Olfm2 has been shown to have a similar role in AMPA receptor binding or 
regulation11. Gliomedin is also known to be involved in sodium channel clustering and 
maintenance23,24. Remarkably, whereas Olfm1 and Olfm2 bind calcium channels and 
likely a calcium ion within the β-propeller, gliomedin binds sodium channels and sodium 
in its β-propeller. It is noteworthy that all of them seem to share a cation binding site 
and an oligomerization domain N-terminal of their olfactomedin domains. Whether 
other olfactomedin domain-containing proteins such as Olfm3 or myocilin could have 
a similar role in ion channel stabilization or regulation needs further investigation. 
In conclusion, we show that Olfm1 forms disulfide-linked homotetramers with a 
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V-shaped architecture and provide high-resolution data for the C-terminal Olfm1coil-Olf. 
This sheds light on the structure and quaternary organization of full-length Olfm1 as 
well as family members and provides new insights into function.

Figure 7. Sequence alignment of Olfm1 and paralogs
Olfm1 is aligned with the closely related (mouse) paralogs Olfm2, Olfm3, Olfm4 and myocilin. Domain 
boundaries are indicated with the same color scheme as figure 1A. Conserved cysteines are indicated 
by arrowheads. Residues are colored to percentage sequence identity (blue means conserved, white 
means variable).

Methods

Protein Expression and Purification
Mouse Olfm1 (NCBI Reference Sequence: NP_062371) residues 17-478 (isoform 1), 
from cDNA IRAVp968C0174D (Source Bioscience) were subcloned using BamHI/
NotI sites in pUPE107.03 (N-terminal cystatin secretion signal, C-terminal His6). 
We call this construct full-length Olfm1 although the C-terminal VIRSDEL segment 
is not included. 6 days after transient expression in N-acetylglucoaminyltransferase 
I-deficient (GnTI−) Epstein-Barr virus nuclear antigen I (EBNA1)-expressing HEK293 
cells (U-Protein Express), the medium was harvested and fivefold concentrated using 
a 10 kDa molecular weight cut-off (MWCO) membrane. Protein was purified by Ni-
NTA affinity chromatography followed by gel filtration on a Superdex200 column (GE 
Healthcare) equilibrated in gel filtration (GF) buffer (150 mM NaCl, 20 mM HEPES 
pH 7.5). Protein was concentrated to 6 mg/mL using a 30 kDa MWCO concentrator 
before plunge freezing in liquid nitrogen.

SDS-PAGE and Western blot
2 μL of purified protein was diluted with 8 μL H2O and denatured by boiling with 5 

μL SDS loading dye with or without 6% (v/v) β-mercaptoethanol for reducing and 
non-reducing SDS-PAGE respectively. For Western blot analysis, 10 μL expression 
medium supernatant was denatured by boiling with 5 μL (non-)reducing loading dye. 
Samples were run on standard Laemmli 12.5% (w/v) polyacrylamide tris-glycine gels. 
Gels were either stained with Coomassie PAGE blue or for Western blot, blotted on a 
polyvinylidene difluoride (PVDF) membrane (BioRad). Proteins were detected with 
a mixture of Qiagen mouse anti-penta-his, Sigma mouse anti-polyhistidine and Dako 
rabbit anti-mouse-HRP antibodies.

Crystallization and Data Collection
Since initial crystallization attempts were fruitless, limited proteolysis by α-Chymotrypsin 
was used for crystallization. α-Chymotrypsin (stock of 1 mg/mL in 1 mM HCl and 2 
mM CaCl2) was added 1:100 (v/v) to 6 mg/ml of Olfm1 in 150 mM NaCl and 20 
mM HEPES pH 7.5. After 30 minutes incubation at room temperature, crystallization 
screens were set up using the sitting drop method by mixing 150 nL of protein/protease 
mixture (6 mg/mL) with 150 nL of reservoir solution. Crystals were grown at 20°C in a 
condition containing 1 M LiCl, 20% PEG6000 (w/v) and 100 mM Tris pH8.5. 
Crystals from the original condition were cryo-protected with reservoir solution 
supplemented with 25% (v/v) glycerol and plunge-cooled in liquid nitrogen. A dataset 
was collected at 100 K at the European Synchrotron Radiation Facility (ESRF) beamline 
ID23-1, operated at a wavelength of 0.97242 Å. Crystals diffracted to 2.4 Å. Data were 
integrated with iMosflm25 and scaled and merged with Pointless/Aimless/Ctruncate 
(CCP4 suite)26,27.

Structure Solution and Refinement
The structure was solved by molecular replacement with the gliomedin β-propeller 
crystal structure (PDB: 4D7714) using PHASER28. Subsequent rounds of manual 
model building and refinement were performed with Coot29 and REFMAC530. Final 
refinement was performed with PHENIX31 and validation with MolProbity32. A large 
portion, 209 residues of a total of 463 residues for the mature full-length protein is 
missing in the electron density most likely due to α-Chymotrypsin treatment of Olfm1. 
The final model consists of residues Val211-Phe477 and Arg210-Ala480 (the last two 
alanines Ala479 and Ala480 are from the NotI restriction site) for chain A and B 
respectively, excluding loops Ala339-His352 in both chains. Ramachandran statistics 
were (% Ramachandran favored / % allowed / % outliers): 97/3/0.

SEC-MALS
Size-exclusion chromatography with multi-angle light scattering (SEC-MALS) was 
performed at room temperature using an analytical Superdex200 5/150 column (GE 
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Healthcare) equilibrated with GF buffer. SEC was performed with online static light 
scattering (miniDAWN TREOS, Wyatt Technology) and differential refractive index 
(dRI, Shimadzu RID-10A) on an ÄKTAmicro system equipped with a triple wavelength 
UV detector (GE Healthcare). Data were analyzed using the ASTRA software suite 
(Wyatt Technology). The dRI signal was combined with the light scattering to determine 
the molecular mass using standard protocols. A dn/dc of 0.178 was calculated for 
Olfm1, based on 8 predicted N-linked glycans. Conalbumin was injected at 10 mg/
mL as a control and calibration standard (for Conalbumin a dn/dc of 0.185 was used).

Small angle X-ray scattering
Small-angle X-ray scattering (SAXS) was performed at the ESRF BM29 BioSAXS 
beamline equipped with a 2D Pilatus 1M detector (DECTRIS, Switzerland), operated 
at an energy of 12.5 keV. Full-length Olfm1 was diluted with and dialyzed against GF 
buffer using a 10 kDa MWCO membrane. The concentration of Olfm1 was determined 
by UV-Vis spectroscopy on a nanodrop ND-1000 spectrophotometer to be 3.55 mg/
mL. SAXS data were collected at 20 °C. 18 successive 0.056-second frames were 
collected. The data were radially averaged, normalized to the intensity of the transmitted 
beam, exposure time and sample concentration and the scattering of the solvent-blank 
(GF buffer) was subtracted. The curve was scaled using a BSA reference so that the I0 
represents the Olfm1 molecular mass. Radiation damage was monitored by comparing 
curves collected on the same sample; no evidence for radiation damage was observed. 
Data were analyzed by PRIMUS33, GNOM34 and DAMMIF20 of the ATSAS suite35. 

Analytical ultracentrifugation
Full-length Olfm1 was dialyzed against GF buffer using a 10 kDa MWCO 
membrane. Protein was diluted with GF buffer to a concentration of 1.71 mg/mL. 
AUC sedimentation velocity was performed in a Beckman Coulter Proteomelab XL-I 
analytical ultracentrifuge using a 3 mm centerpiece, quartz windows and an An-60 Ti 
rotor (Beckman). Absorption measurements were made at 42000 rpm and 20 °C every 
minute at 280 nm wavelength and with GF buffer as reference. Vbar, buffer density 
and viscosity were determined by SEDNTERP as 0.71006 mL/g, 0.99823 g/mL and 
0.001002 Pa·s respectively. Measurements were analyzed by SEDFIT using continuous 
c(s) mode36,37.

Thermofluor stability assays
Thermofluor stability assays were performed using full-length Olfm1 diluted with TSA 
buffer (20 mM NaCl, 50 mM HEPES pH 7.5) to concentrations of 1.2 mg/mL. Diluted 
protein or GF buffer was mixed 1:1 with 125× diluted Sypro Orange (Sigma-Aldrich) in 
TSA buffer. 12.5 μL of Sypro-Protein mixture was mixed with 12.5 μL assay conditions, 

consisting of 1, 5 or 20 mM CaCl2 or Ethylenediaminetetraacetic acid (EDTA) in TSA 
buffer or just TSA buffer. Denaturing curves were recorded on a MyiQ real-time PCR 
thermocycler (BioRad). A temperature ramp of 288-369 K was performed at 3 K/min. 
All measurements were performed in triplicate; curves were blank subtracted, baseline 
corrected, normalized to maximum fluorescence and averaged.

Negative stain electron tomography
Full-length Olfm1 was diluted with Milli-Q water to a concentration of 65 μg/mL. 
Carbon-coated mesh copper grids (EMS, CF200-Cu) were glow discharged for 15 sec 
before incubation with protein for 30 sec. Excess protein was wicked away with filter 
paper before grids were briefly washed two times with 5 μL Milli-Q water and then 
stained for 30 sec with a freshly prepared filtered 2% uranyl formate solution.
Electron tomography (ET) was performed with a Tecnai F20 (FEI company) at 200 kV 
and images acquired with a Gatan Ultrascan 4000 camera (Gatan Inc.). Tomographic 
tilt series were collected at a nominal magnification of ×30k with a final pixel size of 
4.57 Å/pix after ×2 binning. Tomograms were processed using IMOD38 and phase CTF 
correction was performed on the tilt series using IMOD prior to reconstruction by 
weighted back-projection. 
Sub-tomogram particles were manually picked using e2spt_boxer.py from EMAN239. 
Each particle was normalized and masked with a sharp spherical mask to remove 
background density not associated with the protein. Particles were then filtered to 20 
Å with a low-pass Gaussian filter, before a tight mask was applied to the remaining 
density. An Olfm1 coiled coil-β-propeller dimer was modeled using the crystal structure 
of Olfm1coil-Olf and the homodimeric parallel coiled coil from myosin-V (PDB 2DFS,40) 
to the predicted length of the Olfm1 coiled coil (Fig. 3), adding full N-linked glycans 
to all predicted positions. Models were fitted manually by treating each Olfm1 dimer as 
one rigid body using UCSF Chimera41.
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While regeneration upon injury can be robust in the peripheral nervous system (PNS)1, 
regeneration in the central nervous system (CNS) of vertebrates is generally very limited2,3. 
This is in part due to the signaling of three myelin-associated inhibitors of regeneration 
(MAIs) – myelin-associated glycoprotein (MAG), Nogo and Oligodendrocyte Myelin 
glycoprotein (OMgp) – through the neuronal Nogo Receptor (NgR)3. This signaling 
erects an external barrier to neurite outgrowth and other regeneration processes and is 
postulated to have a physiological role in consolidating neuronal circuitry in the adult 
nervous system4,5. Although different aspects of this signaling have been intensely studied, 
the initial events at the neuronal membrane remain poorly understood on the molecular 
level. In this thesis, structural studies of NgR, its MAI ligand MAG and the antagonist 
of MAI signaling Olfactomedin-1 (Olfm1) are described. Biophysical techniques and 
cell-based assays were used to validate possible mechanisms based on crystal structures 
of these proteins. Here, general implications of these studies are discussed and novel 
hypotheses are proposed.

Oligomerization of ligands and receptors

Receptor oligomerization or clustering at the plasma membrane is a common mechanism 
for signal transduction of many extracellular cues6,7. MAI signaling appears to be no 
exception to this rule, as oligomeric states have been reported for almost all neuronal 
receptors and co-receptors involved in MAI signaling. NgR was previously reported to 
self-associate on the neuronal cell surface8,9, although the exact stoichiometry of this 
interaction has not been shown. NgR crystal structures described in chapter three suggest 
it forms dimers via the leucine-rich repeat domain. The NgR co-receptor p75 was shown 
to form covalent dimers via a conserved cysteine in the transmembrane helix10–12, which 
is also conserved in the p75 substitute in MAI signaling TROY. LINGO-1, another co-
receptor of NgR, was crystallized as a cis tetramer that could be confirmed in solution13. 
Finally, the extracellular domain of the LINGO-1 substitute in MAI signaling AMIGO3 
was shown to form dimers in solution14.
MAIs, as well as non-myelin-associated NgR ligands, have the potential to induce 
receptor clustering. The MAI and NgR ligand Nogo was reported to form heteromeric 
complexes of the three different splice forms Nogo-A, Nogo-B and Nogo-C15, which 
all contain the NgR-binding extracellular segment known as Nogo6616,17, suggesting 
a possibility of multivalent receptor binding. Several other ligands of NgR involved in 
regeneration-inhibitory signaling form oligomers or could otherwise cluster receptors 
on the neuronal cell surface. The non-myelin-associated NgR ligand BlyS inhibits 
neurite outgrowth and collapses axonal growth cones similar to MAIs18. BlyS forms 
homotrimers19,20 that could further assemble into icosahedral 60-mers in its membrane-
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detached form21,22. Chondroitin sulfate proteoglycans (CSPGs) also confer non-myelin-
associated regeneration-inhibiting signaling through NgR and its paralog NgR323. The 
long linear negatively-charged glycosaminoglycan chains of these proteoglycans are 
responsible for this signaling23, which are likely able to bind to several NgR or NgR3 
molecules at the same time.
In chapter 2 we describe that MAG forms low-affinity dimers in solution and that 
dimerization of MAG is important for its neurite outgrowth-inhibiting properties. 
Whether the third MAI OMgp forms dimers or higher order oligomers remains to be 
determined.
In chapter 4 we show that the NgR ligand Olfm1 forms disulfide-linked tetramers that 
stay tetrameric regardless of concentration. However, the signaling of Olfm1 antagonizes 
axonal growth cone collapse induced by MAI signaling24, so in spite of its potential 
to cluster NgR molecules, the outcome is reversed compared to BlyS, CSPGs, Nogo 
and MAG. This could be explained by the fact that Olfm1 competes for NgR binding 
with the co-receptors p75 and LINGO-124. Thus, these data indicate that clustering 
of only NgR is not enough, co-receptor (co-)clustering is also necessary for the signal 
transduction of MAIs.

MAI-induced lipid raft localization of p75

Several studies have shown involvement of lipid rafts in the signal transduction of MAIs. 
Both gangliosides such as GT1b and GPI-anchored proteins such as NgR have previously 
been shown to preferentially reside in lipid rafts25. Indeed, both for NgR and GT1b 
expressed on neurons, lipid raft localization was observed26–28. Furthermore, replacing the 
GPI-anchoring sequence of NgR with a regular transmembrane helix made neurons less 
sensitive to MAI ligands8. 
p75 co-localizes with and binds to GT1b gangliosides, NgR and externally added Fc-
dimerized extracellular domain of MAG (MAG1-5-Fc) on neurons and in lipid rafts27–30. 
p75 binding to NgR was enhanced in the presence of MAG1-5-Fc31 and addition of 
MAG1-5-Fc or a Nogo66-derived peptide could recruit p75 to lipid rafts27. Moreover, 
even anti-GT1b antibodies could induce recruitment of p75 to lipid rafts27 and elicit 
neurite outgrowth inhibition32, similar to MAG1-5-Fc. These results suggest MAIs signal 
by recruiting p75 to GT1b-NgR lipid rafts.
We show in chapter 2 that both the dimerization of MAG as observed in the crystal 
structures as well as its ganglioside binding properties are essential for neurite outgrowth 
inhibition. This is in agreement with the findings described above and further strengthens 
the notion of MAG-induced recruitment of p75 to lipid rafts to transmit the extracellular 
signal across the membrane. We observe that a concentration-independent dimeric 

MAG construct that cannot bind to GT1b gangliosides (MAG1-5-Fc R118A) enhances 
regeneration instead of inhibiting it. This could be explained by p75 being clustered 
without being recruited to lipid rafts. Since receptor clustering can enhance lipid raft 
formation and vice versa25, it is likely that co-clustering of NgR, GT1b and p75 in lipid 
rafts by oligomeric or multivalent ligands such as MAG, Nogo, BlyS or CSPGs could 
trigger downstream signaling. Additional evidence for this model comes from the fact 
that disruption of lipid rafts by the cholesterol-sequestering agent β-methylcyclodextrin 
abolishes Nogo66-mediated RhoA activation28 and axonal growth cone collapse by MAG 
and Nogo6627.
A cysteine in the transmembrane helix of p75 covalently dimerizes the protein, which 
was found to be important for neurotrophin signaling10–12. Mutating this cysteine 
rendered p75-expressing cells insensitive to neurotrophins. Furthermore, cells co-
expressing NgR, LINGO-1 and a p75 mutant lacking this cysteine were less sensitive to 
MAI signaling10. Neurotrophins elicit opposite downstream signaling effects compared 
to MAI signaling33,34. Based on live-cell Förster resonance energy transfer (FRET) 
studies10 and structural data of the intracellular death domain (DD) and its complex 
with RhoGDI and RhoA35, a scissoring mechanism was proposed in which dimeric 
neurotrophins bring the extracellular domains of p75 together10,35. This would then 
separate the intracellular DDs and release RhoA from RhoGDI. 
NgR preferentially binds dimeric p75 in the conformation with associating intracellular 
DDs12, as opposed to the neurotrophin-bound conformation10. Perhaps in MAI 
signaling, the p75 response is not a scissoring movement induced by ligand binding 
to the extracellular domains of p75. Instead, MAIs can recruit p75 to lipid rafts27, 
which have greater membrane thickness than normal plasma membrane25. Thus, lipid 
raft recruitment of p75 by MAIs might trigger rearrangement of the disulfide-linked 
transmembrane helices (to prevent hydrophobic mismatch) and thereby association of 
the intracellular DDs of p75 to initiate RhoA/RhoGDI signaling. 

Other co-receptors

TROY, like p75 a member of the tumor necrosis factor receptor superfamily, was 
previously shown independently by two groups to be a functional substitute for p75 in 
the nervous system36,37. In the transmembrane helix of TROY, a cysteine is present at a 
similar depth in the membrane compared to the dimerizing cysteine in p75, suggesting it 
might form disulfide-linked dimers similar to p75. TROY was recently shown to directly 
bind to RhoGDI with its intracellular domain and this interaction was potentiated 
by Nogo66, similar to p75. Moreover, Nogo66 signaling via TROY-RhoGDI could 
activate RhoA in cell lines deficient of p7538. These results further confirm TROY could 
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functionally substitute for p75 and transduce the signal by a similar mechanism.
In contrast with the classic picture of MAI receptor complexes of NgR-p75/TROY-
LINGO-1 on the neuronal plasma membrane3,39,40, it was recently shown that 
LINGO-1 is not expressed at the cell surface but instead exclusively in endosomal 
compartments41. The notion of tripartite signaling complexes of NgR-p75/TROY-
LINGO-1 was further undermined by the fact that LINGO-1 competes with NgR 
for p75 binding41. LINGO-1 might still play a role in the downstream signaling of 
MAI-induced regeneration inhibition, but likely is not involved in the initial signal 
transduction events at the neuronal plasma membrane.
Whether or not the recently-identified amphoterin-induced gene and open reading 
frame 3 (AMIGO3)42 is expressed at the cell surface or forms a tripartite complex 
with NgR and p75/TROY remains to be determined. Interestingly, binding between 
AMIGO3 and p75 was only observed in the presence of NgR42, whereas LINGO-1 
competes with NgR for p75 binding41. Thus, AMIGO3 may be involved in mediating 
downstream signaling of MAIs by a distinct mechanism compared to LINGO-1.
In brief, p75/TROY appear to be the most important players in MAI signal transduction 
through the neuronal plasma membrane. AMIGO3 could also play a role in this 
signaling but this needs to be studied further, whereas LINGO-1 likely functions more 
downstream in the signaling cascade as it is absent from the plasma membrane.

MAG is important for myelin formation and stability

Similar to the local structure of the nervous system itself, myelin in the CNS is not static 
but can restructure for decades into adulthood. White matter structure changes during 
many complex learning processes, which has been proposed to be an additional layer of 
activity-dependent plasticity involved in learning and memory, possibly by modifying 
the conductance velocity of axons43. The important role of MAG in myelin formation 
and stability44,45 suggests MAG could play a role in activity-dependent myelination.
Different studies have shown that proper MAG functioning is essential for myelin 
ultrastructure, myelin-axon interaction and axonal protection in the adult nervous 
system46–52. In chapter two we describe a dimeric arrangement of MAG that provides a 
mechanism for MAG-imposed regulation of the intermembrane spacing between myelin 
and axon (the periaxonal diameter). By binding to axonal gangliosides in trans and 
dimerizing in cis, the orientation of two rod-like MAG extracellular domains is locked 
in place by interactions between the membrane-proximal Immunoglobulin domains 
4 and 5. MAG was previously shown to regulate this distance46–48 and the membrane 
spacing based on our crystal structures of 10 nm is in agreement with distances of 9-12 
nm found in recent electron microscopy studies on high-pressure-frozen myelin tissue53. 

Thus, the cis dimerization of MAG combined with ganglioside binding in trans could 
restrict the myelin-axon spacing to 9-12 nm, in analogy to a molecular leaf spring.
Two isoforms of MAG, L-MAG and S-MAG, differ only in their cytoplasmic domains 
and are expressed differentially during development54. L-MAG binds to and signals via 
the myelination regulator Fyn kinase55,56. S-MAG on the other hand binds to zinc57, 
tubulin and microtubules58. Therefore, L-MAG has been postulated to be important for 
signaling during myelination, whereas S-MAG could have a structural role in mature 
myelin57,58. L-MAG is essential for proper CNS but not PNS myelination59 and could 
not be detected in the adult PNS60. L-MAG is present only in trace amounts in the 
developing PNS, in contrast with the highly-expressed S-MAG isoform60. In the adult 
CNS on the other hand, the L-MAG isoform is still abundantly expressed in overlapping 
yet unique populations of oligodendrocytes compared to S-MAG54,60.
L-MAG clustering by antibodies triggers its partitioning to lipid rafts56 and results in 
activation of the cytosolic non-receptor tyrosine kinase Fyn55. Fyn activation is essential 
for the initiation of the myelination process61. The dimerization of MAG as described 
in chapter two places the C-terminal transmembrane helices at a distance of 5.4 nm, 
providing a possible mechanism for Fyn activation. Fyn activation could be triggered by 
extracellular dimerization of MAG as a result of trans interaction with axonal gangliosides 
and elevation of the local concentration (because of the local abundance of ganglioside 
ligand). A similar mechanism has been suggested for immune cells, in which Fyn can be 
activated by extracellular clustering of the transmembrane immune receptor Signaling 
lymphocytic activation molecule (SLAM)62. 
How and whether MAG signaling is downregulated is currently not clear. MAG serves 
both adhesion and signaling functions and it remains present at the myelin-axon 
interface after axons are fully myelinated64. Perhaps MAG signals constitutively while it 
provides contacts between myelin and axon. Another possibility is that Fyn is inactivated 
by downstream cytosolic feedback mechanisms. Alternatively, upregulation of local 
production of S-MAG, that does not signal via Fyn, may take over the adhesion role of 
L-MAG, competing with L-MAG dimers and thus downregulating L-MAG signaling. 
Activity-dependent myelin plasticity has been demonstrated in the brain and has been 
linked to memory and learning processes43. White matter in the PNS, on the other 
hand, is not involved in learning processes and is therefore expected to be more static 
once established. The signaling L-MAG isoform remains abundant in the adult CNS54,60, 
whereas in the adult PNS only the structural S-MAG isoform is found60. This suggests 
L-MAG could play a role in activity-dependent myelin plasticity. In a recent study, 
a link was found between MAG and the membrane protein monogenic audiogenic 
seizure susceptible 1 (MASS1)63. MASS1 has 35 extracellular calcium binding domains 
and a transmembrane G protein-coupled receptor domain. Mutation of MASS1 causes 
epilepsy in mice and is linked to a dramatic decrease in MAG expression levels63. MASS1 
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was found to regulate MAG ubiquitination and degradation in a calcium-dependent 
manner, elevating MAG surface expression levels in the presence of extracellular 
calcium63. These results provide a direct link between local electrochemical activity in 
the CNS and MAG expression levels. Concluding, both the abundance of L-MAG in 
the CNS compared to the PNS and the calcium-dependent surface expression levels of 
MAG suggest MAG could be involved in activity-dependent myelin plasticity.
In summary, MAG is widely recognized as an important protein for myelin formation 
and stability. Our crystal structures suggest a mechanism for MAG-imposed myelin-axon 
spacing, by dimerizing in cis and binding axonal gangliosides in trans. Dimerization of 
L-MAG also provides a putative mechanism for axon-to-myelin signaling through Fyn, 
which is important during myelin formation. Finally, MAG may play a role in activity-
dependent myelin plasticity, as L-MAG is abundant in the adult CNS and not in the 
PNS. Activity-dependence may be orchestrated by MASS1, which links electrochemical 
activity to MAG expression levels.

Putative mechanism for axon engagement by myelin

Apart from MAG, several other molecules have been implicated in forming axon-myelin 
trans interactions. L1 cell adhesion molecule (L1CAM) and neuronal cell adhesion 
molecule (NCAM) can form homo-trans-interactions and are expressed by both myelin 
cells and axons64. Whereas NCAM and MAG are present in both CNS and PNS, L1CAM 
is only detected in the Schwann cells of the PNS and not on the oligodendrocytes of the 
CNS65. Multiply-myelinated axons (oligodendrocytes myelinating already myelinated 
axons) have been observed for MAG knockout mice66,67. This has been explained by 
compensatory overexpression of NCAM, since the homo-trans binding mechanism does 
not allow discrimination of axons from myelin cells67. 
More recently, Nectin-like (Necl) family members Necl1 and Necl4 were shown to 
form hetero-trans- interactions at the myelin-axon interface along the internode, with 
Necl1 expressed on the axon and Necl4 on the myelinating cells68,69. Necl4 co-localizes 
with MAG, but neither Necl1 nor Necl4 binds to MAG69. While Necl4 was shown 
to be upregulated in mature oligodendrocytes during myelination, knockout of Necl4 
shows that it is not essential for myelination70. Although there seems to be functional 
redundancy between NCAM, Necl1/4 and the MAG-ganglioside interaction, it is 
noteworthy that MAG expression in mature myelin appears about tenfold higher than 
the Necl proteins and twice as high as NCAM71.
Comparing the cell adhesion molecules at the myelin-axon interface, there are indications 
of sequential interactions during the engagement and wrapping of the axon by the 
myelin cell64,66. L1CAM, for example, is only present on myelinating cells of the PNS 

during the initial stages of myelination. In mice at postnatal day 8 (P8), when myelin 
cells have enwrapped the axon approximately 1.5 times on average, MAG expression 
increases as L1CAM disappears and NCAM is downregulated64. The expression levels 
of Necl4 in the spinal cord were later found to be the highest between P7 and P15, 
after which expression was downregulated70. MAG remains highly expressed at the 
adaxonal membrane in mature myelin64. The homo interactions of L1CAM and NCAM 
and the interaction of MAG with axonal gangliosides were previously proposed to be 
sequentially involved in mediating the axon-myelin interaction64,66. 
Based on a combination of available crystal structures and electron microscopy data, we can 
estimate the preferential intermembrane distances for L1CAM72, NCAM73,74, Necl1/475 
and MAG (this work, chapter two) (Fig. 1). Combining these preferential intermembrane 
distances with the data concerning the timing of expression at the myelin-axon interface, a 
sequential periaxonal compaction model can be constructed (Fig. 1). First L1CAM (only 
in the PNS) and NCAM engage in homo-trans-interactions, forming interactions at >30 
nm. Subsequently, Necl1 and Necl4 form hetero-trans-interactions at 15-30 nm, leading 
to compaction of the periaxonal diameter. Thereafter, at ca. 1.5 myelin wrappings, MAG 
monomers diffuse into the interface and can engage ganglioside ligands on the axon at 16 
nm intermembrane distance. Simultaneously, L1CAM is expelled from the interface (in 
the PNS) and NCAM and Necl1/4 are downregulated. Finally, the trans stabilization of 
MAG leads to elevation of the local MAG concentration at the interface, so that MAG 
dimers can be formed, completing and rigidifying the compaction of the axon-myelin 
interaction at 10 nm intermembrane distance (Fig. 1).

Figure 1: Model for sequential periaxonal compaction
First, the larger extracellular domains of L1CAM (only in the PNS) and NCAM engage in homo-trans-
interactions at intermembrane distances of up to 32 nm. Later, Necl1/4 could mediate hetero-trans-
interactions at distances of 15-30 nm (shown is 20 nm). MAG monomers can reach out approximately 
16 nm and could even span greater distances by binding to α2,3-sialylated N-linked and O-linked 
glycans of axonal surface glycoproteins. Finally, as the local concentration of MAG molecules is 
elevated because of the high local concentration of available (ganglioside) ligands, MAG dimers are 
formed that reduce the periaxonal diameter to 10 nm, as is observed in mature myelin53. Sizes and 
distances are represented to scale.
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Roles for NgR and Olfm1 at the synapse

Chemical synapses are contact sites where information transfer occurs between two 
neurons. The connections are formed between axonal boutons or terminals of a signaling 
neuron and dendritic spines or the cell body (soma) of a receiving neuron. When an 
action potential reaches the pre-synapse, the content of neurotransmitter vesicles is 
released into the synaptic cleft. This allows neurotransmitter molecules to diffuse to 
post-synaptic ligand-gated ion channels, causing them to open their transmembrane ion 
channel domains to allow currents to flow along the electrochemical gradient. This can 
be the start of a new action potential in the receiving neuron. 
Apart from its role as a receptor for regeneration-inhibiting factors, NgR plays a 
physiological role at synapses. NgR (as well as its paralogs NgR2 and NgR3) was found to 
restrict the number of synapses in the developing brain76. It does so by signaling through 
TROY and RhoA at the post-synaptic side76, similar to MAI signal transduction. NgR 
knockout studies using long-term monocular deprivation confirm that NgR functions 
post-synaptically rather than at axonal synaptic boutons or terminals in consolidating 
circuitry77. However, it is not clear to what extracellular cue NgR responds for this 
function. 
A role for NgR was also found in restricting α-amino-3-hydroxy-5-methyl-4-isoxazole 
propionic acid (AMPA) receptor delivery to synapses to limit plasticity78. AMPA 
receptors are glutamate-gated ion channels that function in the post-synaptic membranes 
of excitatory synapses79. Their trafficking has been linked to synaptic plasticity, memory 
and learning79. Another post-synaptic membrane protein that was found to interact 
with NgR is amyloid precursor protein (APP)80, although it remains unclear what the 
physiological function of this interaction is (Fig. 2). 
Interestingly, the NgR ligand Olfm1 has also been suggested to have functions at the 
synapse81. Similar to NgR, Olfm1 interacts with APP, which was found to be important 
during nervous system development82. Olfm1 was also found to interact with other 
synaptic proteins, such as AMPA receptors, voltage-gated calcium channels and 
Teneurin481,83,84. A mutation that results in deletion of part of the coiled-coil domain 
of Olfm1 influenced these interactions, changed calcium signaling upon stimulation 
with AMPA or glutamate and resulted in abnormal behavior and brain dystrophy in 
mice81. The fact that both AMPA receptors and Olfm1 form tetramers with a dimer-of-
dimers architecture, as described in chapter four, suggests Olfm1 might be involved in 
regulating AMPA receptor mobility, clustering or gating (Fig. 2). 
AMPA receptors are organized opposed to pre-synaptic vesicles and voltage-gated 
calcium channels on a sub-synaptic scale as “nanocolumns”85–87. The synaptic cleft 
proteins responsible for such organization have not been identified. Olfm1 binds to 
both pre-synaptic voltage-gated calcium channels and post-synaptic AMPA receptors81, 

has the potential to bind multiple copies of both, has a calcium binding site that could 
regulate interactions and combined with the extracellular domains of these proteins, has 
the right dimensions to span the 24 nm spacing of the synaptic cleft88,89. This makes 
Olfm1 an interesting candidate as an extracellular organizer of such nanocolumns. 
The fact that NgR and Olfm1 interact with each other as well as with post-synaptic 
AMPA receptors and APP (Fig. 2) suggests complex mechanisms involving these 
proteins might be at play to regulate activity-dependent synaptic plasticity. Determining 
how and why these synaptic proteins interact could be an interesting new direction to 
shed light on the molecular basis of memory and learning.

Figure 2: Illustration of NgR and Olfm1 synaptic binding partners
Schematic representation of NgR, Olfm1 and their shared synaptic binding partners APP and AMPA 
receptors. Previously-reported interactions are shown as grey arrows. Structures of APP92–95, AMPA 
receptor96, NgR and Olfm1 (this work) are shown as cartoon with disulfides as ball and stick.
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Conclusion

The structural studies described in this thesis provide new insights into the molecular 
mechanisms of MAI signaling, as well as myelin formation and stability. Nevertheless, 
important questions remain and new ones are raised. Whether MAI-receptor-co-
receptor complexes have a defined stoichiometry and what this stoichiometry is remains 
unclear. For MAG, NgR, GT1b and p75/TROY we propose hypothetical mechanisms 
for signal transduction through the membrane, but these mechanisms remain, for the 
moment, unverified. Structures of MAI-receptor complexes or receptor-co-receptor 
complexes are required to answer these questions. Fast developments in the fields of 
cryogenic electron microscopy and tomography could help in obtaining structural data 
for these low-affinity complexes. The current availability of high-resolution structures 
of almost all of the individual components should be helpful in such studies, as these 
models could be docked into lower-resolution density maps. Rapid developments in 
super-resolution microscopy and live cell imaging could also assist in determining the 
exact mechanisms of MAI signal transduction into neurons, for example by visualizing 
MAI-induced (co-)receptor clustering and determining the stoichiometry of ligands, 
receptors and co-receptors on the neuronal cell surface. 
As the field of MAI signaling is maturing, clinical application is no longer solely a 
futuristic dream. The fact that compounds targeting MAG (a monoclonal antibody)90 

and NgR (a NgR LRR domain-Fc fusion)91 to enhance recovery of spinal cord injury 
are in (pre-)clinical trials, demonstrates the feasibility of pharmacological interference 
with MAI signaling to promote recovery upon CNS damage. The structural insights 
into MAG-ganglioside interaction we present in chapter two, as well as our observation 
that MAG1-5-Fc R118A enhances neurite outgrowth, provide new handles for drug 
development to enhance recovery upon CNS damage. Concluding, although there 
might still be questions, there is light on the horizon for victims of spinal cord or brain 
injury.
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English summary

In most parts of the body, nerves can regenerate well upon injury. However, in the 
brain and spinal cord regeneration is very limited. One of the causes of this lack of 
regeneration is the presence of myelin proteins that inhibit outgrowth of neuronal 
projections. Myelin is the fatty substance wrapped around the output projections of 
neurons called axons, to enhance conduction velocity and reduce electrical capacitance. 
Three myelin-associated inhibitors of regeneration (MAIs) have been identified; myelin-
associated glycoprotein (MAG), Nogo and oligodendrocyte myelin glycoprotein. These 
MAIs signal to nerve cells (neurons) via receptor complexes at the neuronal cell surface. 
In this work, molecular mechanisms of this MAI signaling are described. The focus of 
this dissertation is on the initial signaling events that happen at the neuronal cell surface. 
Three proteins were studied by structural biology techniques: the MAI ligand MAG, 
the neuronal Nogo Receptor (NgR) and an antagonist of MAG signaling via NgR; 
Olfactomedin-1 (Olfm1). 
Apart from their role in MAI signaling, these proteins also serve various physiological 
functions in the nervous system. MAG is recognized as a cell adhesion molecule at the 
myelin-axon interface along the internode. MAG is involved in myelin formation and 
required for stability of myelin and axon. Moreover, it maintains the correct spacing 
between myelin and neuronal membranes and is engaged in axon-to-myelin signaling. 
NgR is a receptor for diverse plasticity-inhibiting ligands and functions in consolidating 
neuronal circuitry and memory. Olfm1 is a secreted protein vital for proper brain 
development and function. The signaling mechanisms of MAG, NgR and Olfm1 and 
how they perform their physiological functions are the subject of this dissertation.
Chapter one introduces MAI signaling, focusing on NgR and the initial signal 
transduction events at the neuronal plasma membrane. The currently available literature 
is reviewed and the roles of MAG, NgR and Olfm1 in MAI signaling are described.
In chapter two, the three-dimensional structure of the extracellular segment of 
MAG is described. Structures of MAG-oligosaccharide complexes and biophysical 
techniques combined with site-directed mutagenesis reveal how MAG recognizes 
neuronal gangliosides (glycolipids). Dimers of MAG, formed by association between 
immunoglobulin domains four and five, were observed in different crystal forms. Site-
directed mutagenesis and different solution-state techniques were used to validate 
this interface. Neurite outgrowth assays evaluated the role of MAG dimerization 
and ganglioside binding in regeneration-inhibiting signaling. Both dimerization and 
ganglioside binding were found to be required for the regeneration-inhibiting properties 
of MAG. The combination of dimerization of MAG on the myelin membrane and 
ganglioside binding on the opposing neuronal membrane provides a mechanism for 
regulation of the myelin-axon spacing. The rod-like MAG extracellular segment has 

angular freedom with respect to the myelin membrane as a monomer. However, it is 
locked in a specific orientation by dimerization and ganglioside binding, maintaining 
the myelin-axon spacing like a molecular leaf spring. Dimerization as a result of axon 
engagement also provides a putative mechanism for axon-to-myelin signaling. It brings 
the intracellular domains of MAG within six nanometer distance of each other, which 
could trigger auto-activation of the cytosolic MAG-binding non-receptor tyrosine kinase 
Fyn. Fyn activation is required for the initiation of myelination. Thus, dimerization and 
ganglioside binding of MAG as observed in our structures are required for myelin-
to-axon signaling (regeneration inhibition), maintaining the myelin-axon spacing and 
potentially also for axon-to-myelin signaling via Fyn during myelination.
Chapter three describes crystal structures of the leucine-rich repeat (LRR) domain of 
NgR, for the first time with the correct disulfide structure. An extra C-terminal loop, 
which is important for co-receptor binding, is observed but appears mostly flexible in 
the absence of stabilizing interactions. NgR was shown previously to self-interact on the 
neuronal cell surface. We compare different crystal forms to establish the structural basis 
of NgR self-interaction. One extensive dimerization interface was observed in different 
crystal forms, which we argue represents the NgR self-interaction on the neuronal cell 
surface.
In chapter four, Olfm1 is shown to form disulfide-linked tetramers. Limited proteolysis 
was combined with X-ray crystallography to determine the structure of a double 
olfactomedin (Olf ) domain and coiled coil. We show that this Olf domain is stabilized 
by calcium and use a combination of techniques to provide the architecture of the full-
length tetramer. The V-shaped dimer-of-dimers architecture suggests a role of Olfm1 in 
receptor clustering at cell surfaces.
In chapter five, the general implications of these results are discussed and collated with 
regard to old and new literature. Novel hypotheses based on the findings are proposed 
and an outlook on the future of the MAI field is provided.
In summary, we provide the first structures of MAG, suggesting mechanisms for bi-
directional signaling and maintenance of the correct myelin-axon spacing. NgR was 
crystallized for the first time with native disulfide bonds in many different crystal forms, 
allowing us to compare interfaces to investigate NgR self-interaction on the neuronal cell 
surface. Finally, we show that Olfm1 forms disulfide-linked tetramers with a V-shaped 
dimer-of-dimers architecture and provide the structure of a dimeric Olf domain and 
coiled-coil segment. These results provide novel insights in MAI signaling mechanisms, 
myelin formation and stability and nervous system development and plasticity.

Keywords: central nervous system, regeneration, myelin, development, signaling, 
molecular mechanisms, structural biology, X-ray diffraction, protein crystallography, 
biophysics



Nederlandse samenvatting Nederlandse samenvatting

151150

Nederlandse samenvatting

In het grootste gedeelte van het lichaam kunnen zenuwen zichzelf herstellen na schade. In 
het brein en ruggenmerg is het herstellend vermogen echter beperkt. Eén van de redenen 
hiervoor is de aanwezigheid van myeline eiwitten die uitgroei van neuronale uitlopers 
remmen. Myeline is de vettige substantie die is opgerold rondom axonen, de uitlopers 
van zenuwcellen (neuronen) die verantwoordelijk zijn voor hun outputsignalen. Myeline 
verhoogt de geleidingssnelheid van de axon en vermindert de elektrische capaciteit. 
Drie eiwitten zijn geïdentificeerd als myeline-geassocieerde inhibitoren van regeneratie 
(MAIs); myeline-geassocieerd glycoproteïne (MAG), Nogo en oligodendrociet myeline 
glycoproteïne (OMgp). Deze MAIs signaleren naar neuronen via receptor complexen 
op het neuronale cel oppervlak. In dit proefschrift worden moleculaire mechanismes 
verantwoordelijk voor MAI signalering beschreven. Drie eiwitten zijn bestudeerd 
met behulp van structuurbiologische technieken om een beter begrip te krijgen van 
deze signalering: het MAI ligand MAG, de neuronale Nogo Receptor (NgR) en een 
antagonist van MAG signalering via NgR; Olfactomedin-1 (Olfm1).
Naast hun rol in MAI signalering na schade aan het zenuwstelsel, hebben deze eiwitten 
ook verscheidene functies onder fysiologische condities. MAG is een celadhesie molecuul 
in het myeline-axon grensvlak ter hoogte van het internodium. MAG is betrokken 
bij myelinevorming en is benodigd voor stabiliteit van myeline en axon. Bovendien 
reguleert MAG de afstand tussen de membranen van neuron en myeline cel en speelt 
een rol in axon-naar-myeline signalering. NgR is een receptor voor verschillende 
plasticiteit-inhiberende liganden en fungeert in de consolidatie van neuronale circuits 
en het vormen van herinneringen en geheugen. Olfm1 is een uitgescheiden eiwit dat 
essentieel is voor het naar behoren ontwikkelen en functioneren van het brein. De 
signaleringsmechanismes van MAG, NgR en Olfm1 en hoe ze hun fysiologische functies 
uitoefenen zijn het onderwerp van deze dissertatie.
Hoofdstuk één introduceert MAI signalering, waarin de focus ligt op NgR en de initiële 
signaaltransductiemechanismes ter hoogte van het neuronale plasmamembraan. De 
beschikbare literatuur wordt besproken en de rollen van MAG, NgR en Olfm1 in MAI 
signalering komen aan bod.
In hoofdstuk twee wordt de driedimensionale structuur van het extracellulaire 
segment van MAG beschreven. Structuren van MAG-oligosacharide complexen en 
biofysische technieken gecombineerd met mutagenese laten zien hoe MAG neuronale 
gangliosides (glycolipiden) herkent. Dimeren van MAG, gevormd door associatie van 
de immunoglobuline domeinen vier en vijf, werden geobserveerd in verschillende 
kristalvormen. Mutagenese en technieken uitgevoerd in oplossing werden gebruikt om 
deze interactie te valideren. Neuriet uitgroei proeven lieten zien dat zowel dimeervorming 
en gangliosidebinding nodig zijn voor de regeneratie-inhiberende eigenschappen van 

MAG. De combinatie van dimeervorming van MAG op het myelinemembraan en 
gangliosidebinding op het tegenoverliggende neuronale membraan laat zien hoe MAG 
de afstand tussen beide membranen kan reguleren. Het staafvormige extracellulaire 
segment van MAG heeft als monomeer rotatievrijheid ten opzichte van het myeline 
membraan. Dit segment wordt echter vastgezet wanneer het een dimeer vormt met een 
ander MAG molecuul en gangliosides op het tegenoverliggend membraan bindt, zodat 
het de afstand tussen de twee membranen reguleert als een moleculaire bladveer. MAG 
dimeervorming als gevolg van contact met de axon is ook een mogelijke verklaring 
voor hoe MAG axon-naar-myeline signalering verzorgt. In een MAG dimeer komen 
de intracellulaire domeinen van MAG binnen zes nanometer van elkaar, wat auto-
activatie van de cytoplasmatische MAG bindingspartner Fyn kinase zou kunnen 
bewerkstelligen. Fyn activatie is nodig voor het in gang zetten van de myelinatie. 
Zodoende zijn de dimeervorming en gangliosidebinding van MAG zoals geobserveerd 
in de kristalstructuren nodig voor myeline-naar-axon signalering (regeneratie inhibitie), 
voor het reguleren van de correcte myeline-axon afstand en mogelijk ook voor axon-
naar-myeline signalering via Fyn tijdens myelinatie.
Hoofdstuk drie beschrijft kristalstructuren van het leucine-rijke herhaling domein 
van NgR, voor het eerst met de correcte zwavelbrugstructuur. Een extra C-terminale 
lus die belangrijk is voor co-receptor binding werd geobserveerd maar is flexibel in de 
afwezigheid van stabiliserende interacties. Eerder werk liet zien dat NgR zelfinteractie 
aangaat op het neuronale celoppervlak. We vergelijken verschillende kristalvormen om 
de structurele basis van deze zelfinteractie vast te stellen. Eén extensief interactie grensvlak 
werd geobserveerd in verschillende kristalvormen, welke wij verantwoordelijk houden 
voor NgR zelf-interactie op het neuronale celoppervlak zoals eerder geobserveerd. 
In hoofdstuk vier wordt beschreven hoe Olfm1 met zwavelbruggen verbonden tetrameren 
vormt. Gelimiteerde proteolyse werd gecombineerd met Röntgenkristallografie om 
de structuur te bepalen van een dubbel olfactomedin (Olf ) domein en dubbelspiraal. 
We laten zien dat dit Olf domein wordt gestabiliseerd door calcium en gebruiken een 
combinatie van technieken om de organisatie van de volledige tetrameer te bepalen. 
De V-vormige dimeer-van-dimeren organisatie suggereert een rol voor Olfm1 in het 
clusteren van receptoren op het plasmamembraan van cellen.
In hoofdstuk vijf worden de algemene implicaties van deze resultaten bediscussieerd 
en vergeleken met beschikbare oude en nieuwe literatuur. Nieuwe hypotheses worden 
geponeerd en er wordt een perspectief geschetst van de mogelijkheden in de toekomst 
voor het MAI veld.
Samengevat laten we de eerste structuren zien van MAG, die mechanismes suggereren 
voor het in twee richtingen signaleren en voor handhaving van de correcte myeline-
axon afstand. NgR is voor het eerst gekristalliseerd met de correcte disulfide structuur 
in verschillende kristalvormen, wat ons in staat stelde om interactie grensvlakken te 
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vergelijken om zo te bepalen hoe NgR zelf-associatie aangaat op het neuronale celoppervlak. 
Tenslotte laten we zien dat Olfm1 tetrameren vormt, die met zwavelbruggen verbonden 
zijn. We beschrijven de structuur van een dubbel Olf domein en dubbelspiraal segment 
en laten zien dat het volledige eiwit georganiseerd is als een V-vormige dimeer-van-
dimeren. Deze resultaten bieden nieuwe inzichten in MAI signalering, myelinevorming 
en -stabiliteit en in ontwikkeling en plasticiteit van het zenuwstelsel.

Trefwoorden: centraal zenuwstelsel, regeneratie, myeline, ontwikkeling, signalering, 
moleculaire mechanismes, structuurbiologie, Röntgendiffractie, eiwitkristallografie, 
biofysica
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List of abbreviations

ADP:   Atomic displacement factor
AMIGO3:  Amphoterin-induced gene and open reading frame 3
AMPA:  α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
APP:   Amyloid precursor protein
AUC:   Analytical ultracentrifugation
BSA:   Buried surface area
CNS:   Central nervous system
CSPG:   Chondroitin sulfate proteoglycan
DD:   Death domain
DLS:   Dynamic light scattering
DPC:   Dodecylphosphocholine
EM:   Electron microscopy
ET:   Electron tomography
FGF:   Fibroblast growth factor
GPI:   Glycophosphatidylinositol
HEPES:  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
Ig:   Immunoglobulin
IMAC:   Immobilized metal affinity chromatography
L1CAM:  L1 cell adhesion molecule
LGI1:   Leucine-rich glioma inactivated 1
LOTUS:  Lateral olfactory tract usher substance
LRP1:   Low-density lipoprotein receptor-related protein-1
LINGO-1:  Leucine-rich repeat and immunoglobulin-like domain-containing  
  Nogo receptor-interacting protein 1
LRP1:   Low density lipoprotein receptor-related protein 1
LRR:   Leucine-rich repeat
MAG:   Myelin-associated glycoprotein
MAI:   Myelin-associated inhibitor (of regeneration)
MALS:   Multi-angle light scattering
MWCO:  Molecular weight cut-off
NCAM:  Neuronal cell adhesion molecule
Necl:   Nectin-like
NgR:   Nogo Receptor
NTT:   N-terminal tetramerization
Olf:   Olfactomedin
Olfm1:   Olfactomedin-1
OMgp:   Oligodendrocyte myelin glycoprotein



List of abbreviations List of abbreviations

159158

PBS:   Phosphate-buffered saline
PEG:   Polyethylene glycol
PirB:   Paired immunoglobulin receptor B
PNS:   Peripheral nervous system
RhoA:   Ras homolog gene family, member A
RhoGDI:  Rho GDP dissociation inhibitor
RhoGEF:  Rho GDP/GTP exchange factors
R.M.S.:  Root mean square
ROCK:  Rho-associated, coiled-coil-containing protein kinase
SAXS:   Small-angle X-ray scattering
SDS:   Sodium Dodecyl Sulfate
SDS-PAGE:  SDS Polyacrylamide gel electrophoresis
SE-AUC:  Sedimentation equilibrium analytical ultracentrifugation
SEC:   Size exclusion chromatography
SPR:   Surface plasmon resonance
SV-AUC:  Sedimentation velocity analytical ultracentrifugation
Tris:   Tris(hydroxymethyl)aminomethane
TSA:   Thermofluor stability assay
WNK1:  With no lysine 1
WT:   Wild type


