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Abstract

Repulsive guidance molecule family members (RGMs) control fundamental and diverse cellular 

processes, including motility and adhesion, immune cell regulation, and systemic iron metabolism. 

However, it is not known how RGMs initiate signaling through their common cell-surface 

receptor, neogenin (NEO1). Here, we present crystal structures of the NEO1 RGM-binding region 

and its complex with human RGMB (also called dragon). The RGMB structure reveals a 

previously unknown protein fold and a functionally important autocatalytic cleavage mechanism 

and provides a framework to explain numerous disease-linked mutations in RGMs. In the 

complex, two RGMB ectodomains conformationally stabilize the juxtamembrane regions of two 

NEO1 receptors in a pH-dependent manner. We demonstrate that all RGM-NEO1 complexes 

share this architecture, which therefore represents the core of multiple signaling pathways.

The repulsive guidance molecule (RGM) family has three major, membrane-attached 

members: RGMA, RGMB (dragon), and RGMC (hemojuvelin, HFE2). Their functions span 

biological phenomena ranging from cell motility and adhesion (e.g., axon guidance, neural 

tube closure, and leucocyte chemotaxis) to immune cell regulation and systemic iron 

metabolism (1-5). Abnormal RGM expression or function has been linked to regenerative 

failure; inflammation (3); and diseases such as multiple sclerosis (6), cancer (7), and 

juvenile hemochromatosis (JHH) (5). All RGMs bind directly to the cell surface receptor 
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neogenin (NEO1) (8), triggering structural rearrangements of the actin cytoskeleton through 

the Rho family of small guanosine-5′-triphosphate (GTP)–hydrolyzing GTPases that 

mediate cell repulsion (1, 9, 10). RGM binding to NEO1 activates the bone morphogenetic 

protein (BMP)–regulated signaling involved in morphogenesis and iron homeostasis 

(11-14).

Human RGMs contain an Arg-Gly-Asp (RGD) motif (conserved in RGMA and RGMC), 

which is important for integrin-mediated adhesive function (15), and a region homologous to 

the von Willebrand factor type D (vWfD) domain, which contains an autocatalytic Gly-Asp-

Pro-His cleavage site (1, 16) (Fig. 1A). NEO1 is a type-I transmembrane protein of the 

immunoglobulin (Ig) receptor superfamily related to the netrin-1 receptor DCC (deleted in 

colorectal cancer) (17, 18). Its extracellular region consists of four Ig domains followed by 

six fibronectin type III (FN) domains and 50 juxtamembrane residues that are predicted to 

be unstructured. The cytoplasmic region comprises three conserved motifs (P1, P2, and P3) 

containing several phosphorylation sites and is required for receptor oligomerization of DCC 

(18, 19). FN domains five and six contain the binding site for RGMs (20). However, the 

molecular mechanisms underlying extracellular RGM reception by NEO1 and the mode of 

signal transduction across the membrane are not known.

We solved a series of crystal structures of the fifth and sixth FN domains of NEO1 

(NEO1FN56) in complex with the ectodomain of RGMB (eRGMB) (Fig. 1A, fig. S1, and 

table S1). In all of the NEO1-RGMB complexes, only the middle domain of RGMB 

(residues 134 to 338) could be resolved unequivocally. This domain represents a previously 

unknown protein fold consisting of a tightly packed β sandwich (Fig. 1B and fig. S2) 

extended by four short helices at the C terminus. The N and C termini, linked to the β 

sandwich by three disulfide bonds (fig. S3), point in opposite directions and into the solvent 

channels of the crystal, suggesting that the N- and C-terminal regions, which were 

disordered in the crystal, are flexible and do not associate with the middle domain. The 

autocatalytic cleavage site between Asp168-Pro169 is located in the loop connecting β sheets 

1 and 2 (Fig. 1B and figs. S3A and S4) and is conserved in all RGM family members (fig. 

S3A). Asp-Pro bonds are hydrolyzed in low pH environments, for example, in the Golgi and 

secretory vesicles (21). This autocatalytic cleavage allows Pro169 to be deeply buried in the 

protein core (fig. S4A). Seven out of the 14 RGMC disease mutations leading to JHH (5, 22, 

23), a severe iron-overload condition, cluster at the cleavage site (fig. S5). Ten of these map 

onto the β sandwich (fig S5A) and abolish protein secretion in mammalian cells (fig. S5B). 

These include Asp to Glu at position 172 (Asp172GluRGMC) from the cleavage site itself 

(figs. S4 and S5), highlighting the importance of autocatalytic cleavage for the structural 

integrity of the middle domain and indeed the entire protein.

The eRGMB-NEO1FN56 complex structure determined at neutral pH [(24), fig. S6, and table 

S1] has a 2:2 stoichiometry and exhibits twofold symmetry with both NEO1 C-termini 

oriented in the same direction (Fig. 1, C and D), as observed in two independent crystal 

forms (fig. S6). Each RGMB molecule acts as a staple, bringing two NEO1 receptors 

together with one major interaction site (site 1) and a minor site (site 2) (Fig. 1, C and D), 

positioning the NEO1 C-termini in close proximity to each other (Fig. 1C). Whereas the two 

NEO1 molecules in the complex contact each other, the two RGMB molecules do not. Most 
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of the site-1 contacts are formed between RGMB and the FN6 domain of NEO1, with the 

remainder of the interface made by the L3 loop of NEO1-FN5 (Fig. 2, A to C). The JHH-

linked RGMC mutation Gly320ValRGMC, which cannot interact with NEO1 anymore (25), 

is located close to the site-1 interface (fig. S5D), thereby confirming the importance of the 

RGMB-NEO1 site-1 interface. We also solved three independent crystal structures of 

NEO1FN56 alone (table S1). Together with a previously reported NEO1 structure (26), these 

reveal flexibility or disorder of the L3 loop as well as variation in the relative orientation of 

the FN5 and FN6 domains, in contrast to the rigidity of the NEO1 molecules in the RGMB 

complex structures (fig. S7). The site-2 interaction between RGMB and the neighboring 

NEO1 molecule (Fig. 2D and fig. S8) has a buried surface area one-fourth the size of site 1 

(Fig. 1C). Therefore, the site-1 interaction is likely to be the driving force for the RGM-

NEO1 complex formation, whereas site 2 has a supporting role because of its shallow 

geometry and predominantly hydrophobic nature.

Surface plasmon resonance (SPR) measurements revealed nanomolar equilibrium 

dissociation constants between the full-length ectodomains of NEO1 (eNEO1) and RGMA, 

RGMB, and RGMC, respectively (Fig. 3A and fig. S8). Furthermore, the truncated 

NEO1FN56 and NEO1FN56M constructs (Fig. 1A) were necessary and sufficient for the RGM 

interaction [Fig. 3B, fig. S9, and (20)]. Site-directed mutagenesis of site-1 interface residues 

abolished or severely impaired the NEO1-RGM interaction, validating the observed binding 

mode (Fig. 3C and figs. S9 and S10). Mutations in the L3 loop of NEO1-FN5 and the 

corresponding RGMB surface did not abolish binding, consistent with NEO1-FN5 being 

important but not essential for interaction with RGMs. Unlike the majority of site-1 residues, 

the L3 loop residues are not conserved between NEO1 and DCC, possibly explaining why 

no binding between RGMs and DCC was observed in immunoprecipitation experiments (8, 

25). Indeed, the interaction between RGMA, RGMB, or RGMC and the full-length DCC 

ectodomain was one-thousandth that observed for the equivalent NEO1 construct (fig. S11).

To test whether the RGMB-NEO1 complex observed in the crystal structures exists in 

solution, we performed multiangle light scattering (MALS) measurements of purified 

proteins. At concentrations up to 3 μM, we observed a 1:1 RGMB-NEO1 complex (fig. 

S12A). Sedimentation velocity analytical ultracentrifugation (AUC), allowing exploration of 

higher concentrations of eRGMB and NEO1FN56M (up to 90 μM), revealed that the 

individual components were monomeric (Fig. 3D), and the RGMB-NEO1 mixture showed 

both a major species, corresponding to the 1:1 stoichiometry, and a higher-order oligomer, 

likely the 2:2 complex (Fig. 3E). A mutation of RGMB-Pro206 to asparagine in the site-2 

interface (Fig. 2D), introducing an N-linked glycan, abolished the larger oligomer (Fig. 3F). 

The same AUC experiment performed with wild-type proteins at pH = 4.5 revealed only the 

1:1 complex (fig. S12, B and C), suggesting that the site-2 interface is pH sensitive. This is 

in agreement with our structural data, because in a crystal form grown at pH = 4.5 to 5.0 

(fig. S6C) the site-2 interface is absent, whereas site-1 is essentially identical to the neutral 

pH crystal form (fig. S7).

To explore the physiological relevance of the 2:2 oligomeric arrangement, we assessed the 

effect of RGMB mutants in neuronal explant cultures. Binding of RGMs to NEO1 inhibits 

neurite outgrowth from cerebellar granule neurons (CGNs) (27). To assess the functional 
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consequences of site-1 and site-2 RGMB mutants, we cultured postnatal mouse CGN 

explants on substrates of control, RGMB-A186R (site-1 mutant with Ala changed to Arg at 

position 186), RGMB-P206N (site-2 mutant with Pro changed to Asn at position 206), and 

RGMB-WT (wild-type) proteins. As previously shown, neurite outgrowth was reduced on 

coverslips coated with RGMB-WT compared with control substrate (Fig. 4, A and B, and 

fig. S13). This inhibitory effect was not observed in neurons grown on RGMB-A186R and 

was reduced but not abolished by RGMB-P206N (Fig. 4 and fig. S13). These results support 

a functional role for RGMB-NEO1 interactions mediated through site-1 and to a lesser 

extent through site-2.

To investigate the RGM-NEO1 complex stoichiometry within a cellular context, we 

coexpressed full-length NEO1 tagged with either a His6 or 1D4 tag in human embryonic 

kidney 293T cells. We found that a specific antibody against NEO1-1D4 was able to 

coimmunoprecipitate NEO1-His6, indicating the presence of high-affinity NEO1 oligomers 

in the cellular lysate (fig. S14). This result suggests that NEO1 molecules may also be 

present in an RGM-independent, preclustered form at the cell surface.

The 2:2 stoichiometry of the RGM-NEO1 ectodomains may facilitate a common mechanism 

based on ligand-dependent receptor stabilization of NEO1 dimers within supramolecular 

signaling clusters (Fig. 4, C and D). Activation of the small GTPase RhoA and its 

downstream effectors Rho kinase and protein kinase C is a direct consequence of RGM-

NEO1 interaction (9, 28). NEO1 can also interact with netrin-1 (NET1) (8), which 

functionally competes with RGMA, suppressing growth cone collapse in dorsal root 

ganglion axons (9). The NET1 binding site on the NEO1-related receptor DCC minimally 

involves the interface between its FN domains 4 and 5, including loop 5 of FN5 (29) 

occupied by a sucrose octasulphate (SOS) molecule in our apo-NEO1 structure (fig. S7B). 

This region, which borders the RGM interaction interface, is strictly conserved in NEO1 and 

DCC (fig. S3B), so NET1 might occupy the same position in NEO1, impairing the 

formation of an active 2:2 RGM-NEO1 complex and thus explaining the ability of NET1 to 

reduce RGM-induced growth cone collapse (Fig. 4C). An additional level of signaling 

control may be related to the subcellular localization of the RGM-NEO1 complex. The 

neutral pH at the cell surface allows an active 2:2 stoichiometry, whereas internalization and 

gradual acidification of the milieu promotes dissociation of the complex and signal 

termination. Such a signaling mechanism might prevent premature activation and allow 

dissociation upon internalization when RGM, NEO1, and associated proteins are expressed 

on the same cell.

Although diversity in the signaling triggered at downstream levels in a cell- and tissue-

specific manner can be expected, our experimental evidence coupled with sequence 

conservation suggests that all RGM family members engage NEO1 in a similar way. 

Molecular details of the direct cross-talk between different receptors in signaling 

“supercomplexes,” such as RGM-NEO1-BMP ligand-BMP receptors (12-14), remain to be 

determined. However, we predict that the RGM-stapled NEO1 dimer provides a mode of 

pH-dependent organization, which forms the signaling hub common to multiple extracellular 

guidance cues and morphogens.
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Fig. 1. Structure of the RGMB-NEO1 complex
(A) Schematic of NEO1 and RGMs. SP indicates signal peptide; IG, Ig-like C2-type 1; TM, 

transmembrane; CD, C-terminal domain; GPI, glycosylphosphatidylinositol anchor; and 

vWFD, von Willebrand factor D domain-like. (B) eRGMB ribbon diagram in rainbow 

coloring (blue, N terminus, red, C terminus). Disulfides (black sticks) are depicted with 

roman numerals. The autocatalytic cleavage site is marked with asterisks. (C) Schematics of 

the 2:2 RGMB-NEO1 complex. RGMB is blue and violet; NEO1 is red (FN5), orange 

(FN6), and green. Interface-buried surface areas (Å2) are shown. (D) Ribbon (left) and 
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surface representation of the 2:2 eRGMB-NEO1FN56 complex. Site-1 and site-2 interfaces 

are highlighted with boxes. Color coding is as in (C). Right image is 90° rotated around the 

y axis compared with the left representation.
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Fig. 2. Detailed interactions of the RGMB-NEO1 complex
Color coding is as Fig. 1D. (A) Ribbon representation of the RGMB-NEO1 site-1 complex. 

The L3 loop of NEO1 is marked. (B and C) Open-book view showing the solvent-accessible 

surface of the site-1 interface (formed by 17 hydrogen bonds and 147 nonbonded contacts). 

(B) Interface residues (I, Ile; L, Leu; Q, Gln; T, Thr). Cyan, hydrophilic interactions; yellow, 

nonbonded contacts. Residues tested by site-directed mutagenesis and functional 

experiments are labeled. (C) Residue conservation (from nonconserved, white, to conserved, 

black) based on sequence alignments from vertebrate NEO1 and RGM family members. (D) 
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Ribbon representation of the RGMB-NEO1 site-2 complex. The site-2 interaction uses the 

RGMB β5-β6 and β10-β11 loop regions contacting the NEO1 FN5 and FN6 domains. K, 

Lys; V, Val.
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Fig. 3. Biophysical characterization of the RGMB-NEO1 complex
(A to C) SPR equilibrium binding. Different concentrations of eNEO1 (A), NEO1FN56 (B), 

and eNEO1-L1046E (where E is Glu) (C) were injected over surfaces coupled with 

eRGMB. RU, response units; Kd, dissociation constant; Bmax, maximum binding capacity; 

and N/A, not applicable. (D to F) Sedimentation velocity AUC experiments of eRGMB-WT 

[(D) violet], eRGMB-P206N [(D) blue], NEO1FN56M [(D) red], eRGMB-NEO1 (E), and 

eRGMB-P206N-NEO1 (F) complexes. Data fitted by using a continuous c(s) function 

(where s is the sedimentation coefficient) distribution model (solid line). Gaussian peaks 

Bell et al. Page 11

Science. Author manuscript; available in PMC 2016 January 28.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



contributing to the overall distributions (dotted lines) for eRGMB-NEO1 [(E), root mean 

square deviation (RMSD) = 0.0038] and eRGMB-P206N-NEO1 [(F), RMSD = 0.0063] 

complexes. Individual components run as monomeric species. The eRGMB-NEO1FN56M 

complex shows two major species, indicating both 1:1 and 2:2 complexes. The eRGMB-

P206N mutation introduces an N-linked glycan at the site-2 interface. The resulting 

eRGMB-P206N-NEO1 complex shows a single species corresponding to the 1:1 complex.
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Fig. 4. Functional analysis of site-1 and -2 mutations on RGMB neurite growth inhibitory effects
(A) Representative examples of P9 mouse CGN explants on coverslips coated with RGMB-

WT (top left), site-2 mutant RGMB-P206N (top right), site-1 mutant RGMB-A186R 

(bottom left), or control (bottom right) proteins. Green, βIII-tubulin; red, F-actin; blue, 

nuclei. (B) Quantification of CGN neurite outgrowth. Distribution of neurite length (short, 

medium, and long) relative to the control is displayed (total number of explants analyzed for 

WT, n = 27; P206N, n = 24; A186R, n = 26; control n = 23); error bars are SEM, and *P < 

0.01. (C) Model of trans RGMB-NEO1 signaling. RGM ectodomains can be shed by 

proteolytic or phospholipase activity (open triangle). RGM-binding to preclustered NEO1 

results in formation of NEO1 dimers with a defined, signaling-compatible orientation that 

may be part of a supramolecular clustered state. This arrangement leads to activation of 

downstream signaling via RhoA (9) (gray lightning bolt). NET1 can inhibit RGM signaling 
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by either simultaneous NEO1 binding or competing with the RGM-NEO1 interaction. The 

gray box highlights the RGM-NEO1 signaling hub observed in the crystal structure.
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